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Abstract

Purpose

The purpose of this work is the design, implementation and evaluation of a mechanically
flexible receive-only coil array for magnetic resonance imaging (MRI) at 3 T that can be
applied to various target organs and provides high parallel imaging performance.

Methods

A 23-channel array was designed based on a rigid-flex printed circuit board (PCB). The flexi-
ble multi-layer part contains the copper traces forming the coil elements. The rigid part of the
PCB houses the solder joints and lumped elements. The coil housing consists of rigid caps
mounted above the rigid parts. Adhesive PTFE sheets cover all flexible parts. The devel-
oped array was tested on the bench as well as in phantom and in vivo MRI experiments
employing parallel imaging acceleration factors up to six.

Results

Efficient mutual decoupling between receive elements and detuning between receive array
and body coil was achieved. An increased signal-to-noise ratio in comparison to commercial
reference coils is demonstrated, especially in regions close to the developed array and for
high parallel imaging acceleration factors. Exemplary in vivo images of head, ankle, knee,
shoulder and hand are presented.

Conclusion

Based on high sensitivity close to the array and low g-factors, this flexible coil is well suited
for studies of occipital and temporal cortex, as well as musculoskeletal targets like knee,
ankle, elbow and wrist.
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Introduction

Recently, the interest in mechanically flexible RF coil arrays [1-8] has grown rapidly in the
MR community. The main benefit expected in comparison to rigid coils is a higher achievable
signal-to-noise ratio (SNR) in case of strong variations of the targeted anatomy across patients.
On the one hand, the SNR increase originates from a higher filling factor and a higher achiev-
able ratio of unloaded to loaded quality factor when the coil is closely form-fitted to the sam-
ple. On the other hand, a flexible array is characterized by reduced inter-patient variation of
Q-factor, matching, and decoupling performance because loading of each individual element
is kept approximately constant by form-fitting the array to the sample. In addition, when the
diameter of the individual elements is small compared to the bending diameter, element tun-
ing is barely influenced by the bending. The combination of these properties ensures a robustly
high coil performance even for large variations in patient size. Further, patient comfort can
also be increased by using mechanically flexible RF coils.

Different technological approaches for the construction of flexible RF coils have been pre-
sented. For instance, geometrically adjustable transceiver arrays have been realized by making
the distance between rigid coil elements variable, and introducing a “flexible” adjustable patch
capacitor network between neighboring elements to change the decoupling capacitance accord-
ingly [1]. An alternative approach has been presented by utilizing primary and secondary har-
monic elements of rigid microstrip transmission lines covered by flexible fabric, where the
number of elements and inter-element spacing in the array can be adjusted for each target organ
[4]. Another flexible transceiver array has been proposed based on monolithic transmission line
resonators decoupled by overlapping annexes fabricated on the same flexible substrate as the
coil elements [6]. A flexible 64-channel receive-only array composed of rigid columns of ele-
ments attached to neighboring columns via cloth hinges has been presented, which allow neigh-
boring columns to tilt relative to one another [3]. Alternatively, receive-only arrays with flexible
individual elements have been proposed, either based on screen printed silver ink [7], or copper
traces deposited on thin flexible FR4 substrate [2]. While the elements of the first array have
integrated screen-printed capacitors and are mutually decoupled by coil overlap, the latter array
relies on m-matching networks resulting in a double-hump resonance which is robust against
variations in loading and decoupling. Further, a receive array with stretchable coil elements has
been realized by sewing copper braid to stretchable fabric made of cotton and polyamide [5].

In comparison to rigid RF coils, several particular challenges come into play for the devel-
opment of flexible coil arrays. Especially, the construction of suitable coil housings is more
challenging for flexible coils. Housings have to provide electrical and thermal insulation for
patient safety and protect coil electronics from mechanical damage, while being mechanically
adjustable. Also, the materials used for the construction of the flexible coil might compromise
the achievable SNR, e.g. flexible substrates with low quality factor, or increased losses due to
thin conductors. The number of suitable materials is further limited by the fact that many flexi-
ble plastics are prone to be visible in MR images. In addition, high stability of the coil electron-
ics, especially the required solder joints (e.g. for connection of coaxial cables), is required in
order to achieve a robust performance even if the coil is repeatedly adjusted mechanically.

This work aims at developing a mechanically adjustable RF coil array for 3 T MRI which
overcomes the prototype stage by a flexible but robust coil design, and a housing designed to
allow for straightforward application in volunteer and patient studies. The array should also be
suited for various target organs including the brain, as well as musculoskeletal applications,
where detection sensitivity and patient comfort can be easily increased by adjusting the array
to the individual anatomy. In addition, a sufficiently large number of channels in two direc-
tions should provide improved parallel imaging performance.
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Materials and methods
Coil design and construction

The developed array is designed as a multi-layer rigid-flex printed circuit board (PCB), which
consists of flexible parts containing only the copper traces of the coil elements, and rigid parts
containing all required lumped element components. This way, it is possible to form-fit the
array individually to each patient, while, at the same time, preventing damage of the required
solder joints potentially caused by bending [9,10].

The array consists of 23 loop elements with a diameter of 45 mm each. The number and
size of the coil elements were chosen according to the requirements for fMRI studies in the
occipital lobe, which is one of the main target applications for the developed array. The overall
size of the array was determined by the surface area needed to cover the posterior part of the
head without interfering with the ears, so as to preserve patient comfort and the easy applica-
tion of ear protection. The size of the individual elements was chosen in a way to provide
high SNR for a penetration depth of 4 to 5 cm [11,12], and in order to operate in the sample
noise dominated regime [13]. These considerations together with the choice of a hexagonal
placing scheme, which allows for overlap decoupling, resulted in a total number of 23 elements
arranged in five rows.

The surface loops are formed by 2 mm wide copper traces deposited on thin, flexible polyi-
mide films in three layers to enable coil overlap for mutual decoupling. On top of these flexible
PCB layers rigid FR4 strips are placed (Fig 1a). On these rigid PCB parts, all lumped elements
(e.g. tuning and matching capacitors) are soldered. On both lateral sides of the array, 5 cm
wide rigid FR4 strips are placed for mechanical stability and for attaching fixation straps.

a bias gnd PIN bias
|3cHs CH2
ptiiare
- dr;'yeﬁz b
Jl__ 04; RF gnd
| I

i | preamp

Fig 1. Design of the flexible 23-channel coil array. a) Schematic of the rigid-flex PCB forming the array. b) Circuit
diagram for a single coil element. Photographs of the custom-built array in bent (c) and flat (d) configuration. e)
Photograph showing a part of the PCB assembled with lumped element components, but without preamplifiers and
cables.

https://doi.org/10.1371/journal.pone.0206963.9001
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Adjacent coil elements are decoupled by geometrical overlap, where the distance between
coil centers was set to 0.78 times the coil diameter in the PCB layout, which corresponds to the
theoretically optimal overlap [14]. An experimental optimization of coil overlap was not per-
formed. Instead, mutual decoupling is further improved employing preamplifier decoupling.
For this purpose, second stage matching networks are used to connect the coil elements to
low noise preamplifiers (27 + 0.1 dB gain, 0.5 dB noise figure; Hi-Q.A. Inc., Carleton Place,
Ontario, Canada) in a way that the input impedance of the preamplifier is transformed so as to
minimize current flow in the coils [15]. Fig 1b shows the circuit diagram for a single coil ele-
ment. The second stage matching networks are composed of the adjustable capacitor C, (Mur-
ata Manufacturing Company, Kyoto, Japan), chip capacitors Cs, Cs and Cg, as well as inductor
L,. Preamplifiers are mounted on the PCB, directly adjacent to each coil element to minimize
losses between the coil and the first stage of amplification. Preamplifiers are biased with 10 V
DC via the system cables connecting the coil to the MR scanner.

All elements of the receive-only array are passively and actively detunable for decoupling
from the MR scanner’s body coil used for signal transmission. The detuning circuit (Fig 1b) is
formed by inductor L; and one of the coil’s tuning capacitors C,. It can be actively switched
via a PIN diode (Temex Ceramics, Pessac France) biased through an RF choke CH, (Coilcratt,
Cumbermauld, UK). Alternatively, a passive switching mechanism was implemented consist-
ing of fast RF diodes (Microsemi, Aliso Viejo, CA, USA), an RF choke inductor CH; to short
the switching currents, minimizing noise created by the fast diodes, and a 1 nF capacitor C, to
block direct current (DC). In addition to the detuning circuits, a series fuse with 315 mA nom-
inal current rating is integrated in each element as safety fallback measure in case the detuning
circuits should fail.

The coil housing consists of five rigid 3D-printed biocompatible polyamide caps (Fine Poly-
amide PA 2200, EOS GmbH—Electro Optical Systems, Krailing, Germany) placed above each
rigid strip of the array for protection of the coil electronics. Adhesive PTFE sheets cover the
flexible parts of the array providing a biocompatible, non-flammable, and easy-to-clean inter-
face to the patient while maintaining mechanical flexibility (Fig 1c and 1d). The array is con-
nected to the MR scanner via four cables of approximately 65 cm length which allows for
flexible positioning of the coil on various target anatomies. Each cable is equipped with two
shield current traps distributed along the cable in a way that the untrapped cable length is
below one eighth of the wavelength of operation. The floating shield current trap design [16]
was used, where the traps consist of split copper plated dielectric cylinders tuned with
capacitors.

The total weight of the coil including all cables is 2.3 kg, of which 1.0 kg on the patient,
when the cables are resting on the patient table. In comparison, the standard Siemens 4-chan-
nel flex coils (Siemens Healthcare, Erlangen, Germany) weigh 1.2/1.3 kg, of which 0.6/0.7 kg
on the patient for the “Small” and the “Large” variant, respectively.

Bench measurements

Prior to constructing and testing the complete 23-channel array, test measurements with a
three-element array, i.e. the base cell of the complete array, at different bending radii were
performed to evaluate the robustness of the tuning, matching, and decoupling performance
against bending. Full S-parameter matrices for the test array form-fitted to one flat and

three cylindrical saline phantoms (5 g/L NaCl; diameters: 105 mm, 90 mm, and 60 mm,
respectively) were measured. Although 90 mm would be the minimum bending diameter for
the 23-channel array preventing self-overlap, the 60 mm phantom was used to test the perfor-
mance for extreme curvatures.
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Upon completion of these initial tests, the 23-channel array was built and tested on the
bench evaluating S-parameters, Q-factors, preamplifier decoupling and active detuning perfor-
mance. Bench measurements were carried out using a two-port vector network analyzer
(E5071C, Agilent, Santa Clara, USA). A spherical phantom (Siemens Healthcare, Erlangen,
Germany) with an outer diameter of 180 mm and a wall thickness of 7.5 mm was used as
load. The double-loop probe method [17] with a baseline value < -80 dB for the transmission
S-Parameter S,; was used to determine the quality factors in unloaded and loaded configura-
tion. Preamplifier decoupling and active detuning were also tested using the double-loop
probe method. DC signals required for voltage supply of the preamplifiers and switching of
the active detuning circuit were transmitted directly via the coil plugs connected to a custom-
built coil test rig to mimic conditions in the MR scanner. The efficiency of preamplifier decou-
pling was quantified by comparing the S,; value at the Larmor frequency when the investigated
coil element was either connected to the preamplifier (1.4 + 20j Q input impedance) or termi-
nated by a 50 Q load (preamplifier’s noise match impedance). Active detuning was tested by
holding the double probe on the same position, but actively switching the forward bias of the
PIN diode on and off, and measuring the difference in S, at the Larmor frequency between
tuned and detuned state. The active detuning circuit was considered efficient if the produced
isolation between these two states was > 35 dB.

MRI experiments

MR scanner, subjects, and phantoms. MR measurements of the spherical phantom were
performed on a 3 T Tim Trio whole-body scanner, which was upgraded to a Prisma Fit (Sie-
mens Healthcare, Erlangen, Germany) before in vivo experiments and measurements with the
cylindrical phantom. Eight healthy subjects (all male, age: 34.5 + 6.6 years) participated in in
vivo experiments after giving written informed consent. The study was approved by the local
ethics board and conducted according to the Declaration of Helsinki. The study has been
approved by the Ethics Committee of the Medical University of Vienna, EK2014/2016.

Phantom experiments. MR experiments with the spherical phantom were used to verify
the compliance of the developed coil with the safety requirements outlined in the IEC guide-
line 60601-2-33. One patient risk to be addressed is tissue heating due to electrical fields pro-
duced during RF transmission, i.e. specific absorption rate (SAR). Since the developed coil is
a receive-only array, it must be ensured that it does not cause distortions, in particular local
concentration, of the electromagnetic field generated by the MR scanner’s body transmit coil.
This kind of distortions could occur in case of insufficient isolation between receive-only and
transmit coil during RF transmission. Therefore, the isolation between the developed array
and the MR scanner’s body transmit coil was investigated by acquiring 3D gradient echo
images and B;" maps with and without the receive-only array present using the body coil for
both, transmission and reception. Consequently, the acquired images where visually inspected
for artifacts potentially caused by the receive-only array and ratio maps of the measured B,"
distributions were calculated. Secondly, the patient risk due to high surface temperatures of
the developed coil during scanning was investigated. For this purpose, a 20-min test sequence
employing a high transmit field B," at the maximum SAR allowed by the scanner (as suggested
in the IEC guideline 60601-2-33, Annex AA, AA.1, subclause Concerning 201.12.4.103.1 Lim-
its of temperature) was run for two different conditions: once with the coil on top of the phan-
tom in the isocenter, and once for an off-center position (i.e. moved towards the wall of the
scanner bore and shifted by 5 cm along the z-axis). During these measurements, the surface
temperature of the array on the patient side was monitored using two fiber optic probes
(model T1; Neoptix Inc., Quebec, Canada); temperature sensors were placed directly below
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locations of the detuning circuits on the PCB, one at the center, and the other at the side of the
array.

As fMRI studies of the occipital lobe are one of the main target applications for the devel-
oped array, the achievable performance was compared to a commercially available head coil.
The posterior part (consisting of 20 channels) of the widely used 32-channel head coil (Sie-
mens Healthcare, Erlangen, Germany) was used as reference. The reference coil is a split-type
version (12 anterior and 20 posterior coil elements) of the 32-channel array set in the soccer-
ball geometry as described by Wiggins et al. [18]. The performance of the arrays loaded by
the spherical phantom in terms of SNR and GRAPPA g-factor was evaluated by applying the
pseudo multiple replica method [19] and off-line GRAPPA reconstruction as described by
Breuer et al. [20]. Therefore, noise-only data, for computing the noise correlation matrix, and
fully encoded transversal 2D gradient echo images (Tr/Tg = 500 ms/3.34 ms, 25° flip angle,
192 x 192 acquisition matrix, 1 x 1 mm? in-plane resolution, 60 slices, 3 mm slice thickness)
were acquired. Acceleration factors of R = 1 (no acceleration), R =2, R = 3, and R = 4 were
mimicked during reconstruction by eliminating respective phase encoding steps. SNR maps
were calculated for all investigated acceleration factors, and SNR ratios were used to extract g-
factor maps. In vivo brain images (Tgr/Tg = 500 ms/3.34 ms, 25° flip angle, 192 x 192 acquisi-
tion matrix, 1 x I mm? in-plane resolution, 60 slices, 3 mm slice thickness) were acquired with
both coils, and corresponding SNR maps were calculated again using the pseudo multiple rep-
lica method.

To investigate the applicability of the developed flexible array for musculoskeletal imaging
targets (e.g. knee), MR measurements with the array form-fitted to a cylindrical phantom
(diameter 12 cm, length 20 cm) were performed. As described above, SNR- and g-factor
maps were calculated based on gradient echo images (Tr/Tg = 470 ms/3.23 ms, 20° flip angle,
transversal: 192 x 192 acquisition matrix, sagittal: 192 x 288 acquisition matrix, 1 x 1 mm?” in-
plane resolution, 3 mm slice thickness, 510 Hz/Px), and noise-only acquisitions. Acceleration
factors of R = 1, 2, 3, 4, 6, and 8 were investigated. The performance of the novel array was
compared to the “Small” version of the standard Siemens 4-channel flex coil (Siemens Health-
care, Erlangen, Germany).

In vivo experiments. To demonstrate its versatility in vivo, the developed array was
used to acquire high-resolution magnetization prepared rapid gradient-echo (MPRAGE)
images of the occipital brain (2 volunteers), as well as turbo spin echo (TSE) images of the
knee (3 volunteers), the hand and wrist (1 volunteer), the shoulder (1 volunteer), and the
ankle (2 volunteers) of volunteers (note that one volunteer participated in two sessions).
Scans of the head, knee, ankle and shoulder were performed with the volunteers in supine
position, while images of the hand and wrist were acquired in prone position. For brain
imaging, subjects were lying on the developed array which was bent towards the temples. For
ankle imaging, the volunteers’ heel was resting on the array which was then wrapped around
the ankle. For imaging of the hand and wrist the array was positioned on the dorsal side of
the volunteer’s hand which was resting on the patient table. For knee imaging the array was
laterally wrapped around the volunteers’ knee, without fully surrounding it. For imaging of
the shoulder the array was positioned anterior of the volunteer’s shoulder and form fitted to
the side of the arm in a way than the volunteer did not lie on the coil. Sequence parameters
are summarized in Table 1.

To demonstrate the applicability of higher parallel imaging acceleration factors in vivo with
the developed array, SNR- and g-factor maps were calculated based on gradient echo images
(Tr/Tg = 470 ms/3.23 ms, 20° flip angle, brain: 288 x 288 acquisition matrix, knee: 192 x 288
acquisition matrix, 1 x 1 mm? in-plane resolution, 3 mm slice thickness, 510 Hz/Px), and
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Table 1. Imaging parameters for the in vivo acquisitions shown in Fig 7.

organ a) brain
plane coronal
sequence MP RAGE
Tg [ms] 2000
Tg [ms] 2.9
T; [ms] or turbo factor TI933
BW / pix. [Hz] 200
R 2
in-plane res. [um] 170 x 170
matrix 648 x 768
slice th. [mm] 1.75
slices 88
averages 1
Tacq [min] 06:17

https://doi.org/10.1371/journal.pone.0206963.t001

b) ankle c) hand d) knee e) shoulder
sagittal coronal axial coronal sagittal axial coronal
TSE TSE TSE TSE TSE TSE TSE
3150 1160 7010 7010 4000 4510 4780
15 16 32 32 85 17 17
TF 7 TF 5 TF 6 TF 6 TF 11 TF 6 TF 6
145 203 195 195 205 195 195
2 3 2 2 2 2 2
260 x 260 200 x 200 320 x 250 320 x 250 420 x 340 180 x 180 260 x 260
486 x 576 672 x 1024 410x 512 410x 512 307 x 384 864 x 1024 528 x 704
1.5 1.5 2.5 2.5 3 1.5 1.5
37 16 33 30 25 35 37
1 2 1 1 1 1 1
02:15 03:25 05:08 05:08 01:52 04:44 06:03

noise-only acquisitions as described above for brain and knee data. Acceleration factors of
R=1,2, 3,4, and 6 were investigated.

Results
Bench measurements

Initial tests with the three-element array showed that the tuning, matching and decoupling
performance of the array is robust against variations in the bending diameter. When the test
array was either loaded by the 90 mm or 105 mm cylindrical phantom, or the flat phantom,
decoupling was better than -9.9 dB (without preamplifier decoupling) and matching better
than -11.4 dB. For the 60 mm cylindrical phantom representing a curvature out of specifica-
tion for the developed array, coupling increased to -8 dB, whereas matching was below -14.5
dB. S-parameters for all configurations are given in Table 2. The resonance frequency of the
three array elements varied by + 0.2 MHz around the target Larmor frequency of 123.2 MHz
for the bending radii investigated.

All coil elements of the 23-channel array form-fitted to the spherical phantom were tuned
to the Larmor frequency of interest, and matching levels below -16 dB were achieved for all
elements (Fig 2). Mutual decoupling via overlap decoupling alone was below -8 dB; an addi-
tional isolation of at least -16 dB was achieved by preamplifier decoupling. Switching the
active detuning network generated more than 40 dB isolation for all elements. The blocking
efficiency of the cable traps was better than -14 dB. For an isolated single coil element the

Table 2. S-parameters of a three-element test array as function of the bending diameter.

Bending diameter S11 [dB]
Flat -17.3
105 mm -17.3
90 mm -18.1
60 mm -31.5

https://doi.org/10.1371/journal.pone.0206963.t002

Sz, [dB] S35 [dB] S12 [dB] S15 [dB] S5 [dB]
-11.4 -13.6 -16.9 -10.5 -19.6
-27.7 -16.7 -14.0 -10.9 -15.8
232 -25.5 -14.0 9.9 -16.1
-27.3 -14.5 -8.1 -8.0 -13.0
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Element Numbering Noise Correlation Matrix

0.5

0.25

Parameter Matrix S;
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[ E—
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Fig 2. S-parameter and noise correlation matrix of the 23-channel array. The arrangement and numbering of the
individual array elements are shown on the left. The S-parameter matrix measured on the bench without preamplifier
decoupling and the normalized noise correlation matrix are shown on the right. Matching better than -16 dB and
decoupling better than -8 dB was achieved for all elements. Mean and maximum off-diagonal noise correlation values
are 6.6% and 35%, respectively.

https://doi.org/10.1371/journal.pone.0206963.9002

measured Q-factor was 152 when unloaded, and 67 when loaded, respectively. In array config-
uration, the unloaded and loaded Q-factors dropped to 130, and 60, respectively.

MRI experiments

For experiments with the developed array and the spherical phantom the mean measured
noise correlation was 6.6 + 6.0%, with a maximum value of 35% (Fig 2). The receive-only array
is well isolated from the transmitting MR body coil, which ensures patient safety and avoids
transmit field distortion. The maximum relative deviation in B, maps acquired with the body
coil with and without the receive array present was below 10%. During the 20-min maximum
SAR test sequence, the surface temperature of the developed array increased from 21.0°C to
23.4°C for the isocenter position, and to 24.2°C for the off-center position, respectively. Both
values are well below the maximum allowable temperature rise of 4°C stated in IEC 60601-2-
33, Annex AA, AA.1, subclause Concerning 201.12.4.103.1 Limits of temperature, and the
maximum temperature of 43 °C for skin contact specified in 60601-1, subclause 11.1.2,
table 24.

The comparison of the developed array to the reference head coil is presented in Figs 3 and
4. SNR maps (Fig 3) computed for GRAPPA acceleration factors of R = 1-4 show a significant
SNR gain in comparison to the reference coil in the region close to the coil especially for high
acceleration factors. The maximum g-factor in an elliptical ROI representing the occipital lobe
increased from 1.16 to 1.69 for R increasing from 2 to 4. In contrast, the maximum g-factor
in the same ROI increased from 1.40 to 2.52 for the reference coil. Fig 4 shows in vivo brain
images (GRE) and corresponding SNR maps for the two arrays, demonstrating the high SNR
of the developed 23-channel array in the occipital lobe.

The comparison of the developed flex-array to the flexible reference coil is presented in Fig 5
(sagittal view) and Fig 6 (transversal view). With the developed array, clearly higher SNR and
lower g-factors are achieved for all investigated acceleration factors (R = 1, 2, 3, 4, 6, 8). Parallel
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Setup

18 cm
16.5cm

Phantom mantle
(no MR signal)

Phantom liquid
mmm RF coil array

= ROI

SNRger SNREg x

No GRAPPA GRAPPAR =2 GRAPPAR=3 GRAPPAR=4

%1 X415 X2 x1 x1.5 x2 x1 x1.5 x2 x1 x1.5 x2 5

Fig 3. Setup for phantom MRI experiments and SNR data. Left: The setup for MRI experiments with the array and a spherical phantom. Right: Comparison
between the developed array (FLX) and the reference coil (REF) in terms of SNR with GRAPPA acceleration factors R = 1 (no acceleration), 2, 3, and 4.
Maximum g-factors in an elliptical ROI representing the occipital lope are given, and corresponding SNR-ratio maps are shown in the bottom row.

https://doi.org/10.1371/journal.pone.0206963.9003

imaging acceleration factor up to 4 resulted in artifact-free reconstructed images. For R = 6,
accurate image reconstruction is achieved in regions with high SNR, i.e. target regions close to
the array, while more distant regions start to show reconstruction artifacts. Results for R = 8
demonstrate the point of failure for GRAPPA reconstructions with the developed array, as
expected for the chosen layout (see Fig 2) with maximum five coil elements along one direction.

The coil array was successfully form-fitted to all body parts investigated. In vivo images
with very high spatial resolution (i.e. 170 to 420 um in-plane resolution), employing GRAPPA
factors of up to 3, were acquired in measurement times between 2 and 6 minutes per scan, and
are shown in Fig 7. The acquired images demonstrate the versatility of the developed array for
investigating various anatomical targets with high SNR and adequate coverage.

Fig 8 shows images, SNR- and g-factor maps for in vivo brain and knee data acquired with
the developed array. For coronal brain images with phase encoding form right to left, accelera-
tion factors up to R = 6 result in artifact free reconstructed images, and g-factors below 2. In
contrast, data from coronal knee acquisitions show reconstruction artifacts and a strong SNR
decrease due to high g-factors (> 3) already for acceleration factors of R = 4 and R = 6. This
can be explained by the positioning of the array on the subject and the choice of the phase
encoding direction, as shown in the sketches on the left in Fig 8.

Discussion and conclusion

In this work, a novel, mechanically flexible RF coil array for MRI at 3 T has been developed
and tested in phantom and in vivo experiments. The design of the array as a rigid-flex printed
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Fig 4. Brain images acquired with the developed 23-channel array in comparison to a 20-channel reference coil. The same image windowing and color
scales were used for both compared arrays.
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circuit board (PCB) enables adjusting the array to various anatomical sites individually for
each patient, while, at the same time, preventing damage of the required solder joints poten-
tially caused by bending. It was demonstrated that the array can be form-fitted to various target
anatomies with different bending radii, thereby maintaining high SNR and parallel imaging
performance. This robustness of the coil performance could be expected due to the small
diameter of the individual coil elements in comparison to the used bending radii.

The developed coil array features bending along one coil dimension, which enables optimal
form-fitting for target anatomies that can be roughly approximated by cylindrical geometries,
e.g. knee or elbow. The rigid PCB strips and the rigid housing caps provide mechanical stabil-
ity and protection for the array and, therefore, increase user-friendliness and ease-of-use; how-
ever, they also prevent bending along the second coil dimension. Moderate two-dimensional
flexibility would become possible by intersecting the rigid PCB strips and providing a separate
housing for each strip part, with cable connections between them. However, for the coil pre-
sented in this work, the rigid PCB strips are densely populated with components required for
the functionality of the coil, which makes a further reduction of the rigid PCB area impossible.
Nevertheless, this strategy could be pursued for coil arrays with larger individual elements.
Further, a coil array that is truly adjustable in two dimensions would require different coil
technology so as to enable stretching as well as bending deformations of the coil elements, in
order to prevent buckle formation. Although such technology was already presented [5,21],
the design of coil housings which are robust and fulfill all safety requirements becomes even
more challenging.
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Fig 5. Saggital gradient echo (GRE) images with corresponding SNR- and g-factor maps comparing the developed 23-channel array to a 4-channel
flexible reference coil. R is the applied GRAPPA acceleration factor; PE is the phase encoding direction. The same image windowing and color scales were
used for both compared arrays. The sketch in the lower left corner shows the positioning of the coil on the phantom.

https://doi.org/10.1371/journal.pone.0206963.9005

Measurements of the Q-factor indicate that the coil size chosen in this work approaches the
minimum coil size for which sample noise dominates over coil noise at the given Larmor fre-
quency. The small element size was chosen as the presented coil array was primarily designed
for imaging targets at 4 to 5 cm depth. The observed Q-drop due to the presence of neighbor-
ing coil elements can be explained by residual inter-element coupling and eddy current losses
in the conductors of the neighboring elements [11]. While these losses are expected to be
reduced for wire coils, flat strip conductors were chosen because of their compatibility with
the presented PCB approach.

The long-term durability of the employed materials for PCB and coil housing has yet to
be investigated. The rigid-flex PCB alone is specified for > 10000 bending cycles by the manu-
facturer in case of bending radii larger than 250 times the thickness of the flexible substrate
(i.e. 75 mm for the presented array), which is typically fulfilled for MR applications. An alter-
native housing material, in case the adhesion of the PTFE sheets should deteriorate too
quickly, could be vinyl fabric [22], which can be sewed instead of glued.

The coil’s high sensitivity as well as its high potential for parallel imaging applications is
demonstrated in comparison to a commercial head coil with a similar number of channels and
a commercial flexible array with a lower number of elements. The reference coils provide
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flexible reference coil. R is the applied GRAPPA acceleration factor; PE is the phase encoding direction. The same image windowing and color scales were
used for both compared arrays. The sketch in the lower left corner shows the positioning of the coil on the phantom.
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better signal homogeneity but are clearly outperformed by the developed array in terms of
SNR and g-factors for a penetration depth of up to 5 cm within the sample.

Based on the very high SNR close to the coil, the developed array is well suited for studies of
the occipital cortex. The presented coil array has recently been shown to allow for significant
performance gain in high resolution diffusion weighted imaging [23] and multi-parametric
mapping of the occipital cortex [24]. Other potential applications include retinotopic and
population receptive field (pRF) mapping [25-27]. A key advantage of the present coil is the
excellent performance in parallel imaging applications, especially for high acceleration or mul-
tiband factors [28,29]. Further, the developed coil can be conveniently used in combination
with other devices for auditory or visual stimulation as it can be form-fitted to the back of the

head in a way that is comfortable for the patient, without interfering with the ears or the visual
field.
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Fig 7. In vivo MR images. MR images showing image quality and versatility of the flexible coil array. a) occipital cortex, b) ankle, c) hand, d) knee in axial (left),
sagittal (top right), and coronal (bottom right) view, e) shoulder in axial (left) and coronal (right) view. The corresponding imaging parameters are listed in Table 1.

https://doi.org/10.1371/journal.pone.0206963.9007

Alternatively, the developed array is also well suited for musculoskeletal applications, which
typically exhibit a large number of small, clinically relevant anatomical structures and, thus,
require high SNR. The versatility of the device in this respect has been demonstrated by acquir-
ing high-resolution images of various anatomical targets employing parallel imaging methods.
As human extremities vary strongly in size and shape, these applications will benefit particu-
larly from the form-fitting capability of the array. Additionally, pediatric MR examinations,
e.g. [30], present a promising field of application for the developed coil array, because size vari-
ations are even larger than in adults, and short scan durations are of particular importance in
addition to uncomplicated handling and patient comfort.
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Fig 8. In vivo gradient echo (GRE) images with corresponding SNR- and g-factor maps of brain (a) and knee (b). R is the applied GRAPPA acceleration
factor; PE is the phase encoding direction. The sketches on the left corner show the positioning of the coil on the subject. As indicated in the sketch, the array
does not fully surround the volunteer’s knee, which is the reason for the signal drop-off in the medial region.

https://doi.org/10.1371/journal.pone.0206963.9008
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