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Abstract

Radio-frequency (RF) coils are to magnetic resonance imaging (MRI) scanners what eyes are to
the human body. Because of their critical importance, there have been constant innovations driving
the rapid development of RF coil technologies. Over the past four decades, the breadth and depth
of the RF coil technology evolution have far exceeded the space allowed for this review article.
However, these past developments have laid the very foundation on which some of the recent
technical breakthroughs are built upon. Here, we narrow our focus on some of the most recent RF
coil advances, specifically, on flexible, wireless, and integrated coil arrays. To provide a detailed
review, we discuss the theoretical underpinnings, experimental implementations, promising
results, as well as future outlooks covering these exciting topics. These recent innovations have
greatly improved patient comfort and ease of scan, while also increasing the signal-to-noise ratio,
image resolution, temporal throughput, and diagnostic and treatment accuracy. Together with
advances in other MRI subfields, they will undoubtedly continue to drive the field forward and
lead us to an ever more exciting future.

Level of Evidence: 5

Technical Efficacy: Stage 1

The field of magnetic resonance imaging (MRI) has, since its inception, been constantly
driven by technological advances: the emergence of high-field scanners (3T and above) has
greatly increased the sensitivity and spatial resolution for clinical diagnosis and contributed
to the explosive growth of MRI over the past two decades; the discovery and rapid expansion
of functional MRI (fMRI) research was made possible by strong gradient coils that enabled
single-shot fast imaging; the recent advances in artificial intelligence (Al) have led to further
improved imaging contrast and disease specificity. Central to these clinical and research
advances is the radio-frequency (RF) coil technology, in particular the permeation of phased
array RF coils. These array coils increase the imaging sensitivity, spatial resolution, and
scan efficiency (via parallel imaging techniques such as SENSE, GRAPPA, etc.), and also
provide the much needed rich spatial and phase information for Al algorithms to further
improve image contrast and sharpness.
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Indeed, RF coils to MRI scanners are like eyes to the human body. Because of their

critical importance, RF coil technologies have seen tremendous progresses over the past

40 years. The geometry has evolved from volume transmit/receive coils to phased array
coils, the frequency tuning has gone from single-tuned to multiple-tuned coils, the number
of functions performed by the same coil has increased to include not only signal excitation/
reception, but also localized By shimming and wireless data transmission, just to name a few
examples. Given the breadth and depth of the RF coil technology evolution, it is simply not
possible to review all the exciting innovations in this review article. Rather, we narrow our
focus to the past 5 years, while noting that none of these recent advances would have been
possible without the solid foundation from early works. For example, the recent integrated
RF/shim coils are built on the technical foundation of multiple-tuned RF coils. For a general
review of the fundamental principles of RF coils, see Ref. 1.

What is remarkable is that even after four decades of continuous development, the progress
of RF coil technology has not shown any signs of slowing down. On the contrary, the pace
of innovations has increased over the recent years, resulting in the emergence and increased
popularity of flexible RF coil arrays, wireless RF coil arrays, and integrated RF/shim coil
arrays. In this review, we discuss the theories, implementations, promising results including
commercial adoptions, as well as future outlooks related to recent advances in these three
categories of coil arrays, which we hope will provide readers a glimpse of the exciting state
of the RF coil technology development.

Flexible RF Coil Arrays

Modern clinical RF receive phased arrays, with a large number of standard copper coil
elements? used for highly accelerated parallel imaging,®~" are housed within (semi-)rigid
enclosures that provide structural stability and prevent damage to coil elements from patients
(Fig. 1). The enclosures also allow the coil elements to be precisely positioned at a fixed
location in an array so that the correct coil overlap between adjacent coil elements, referred
to as the critical overlap, is used to minimize the mutual inductance (eg, RF coupling)
between them, which would otherwise decrease the signal-to-noise ratio (SNR) in the
image.8-10 For example, circular coil elements used in many arrays require a coil overlap

of ~25% of their diameter to minimize the RF coupling between them.10 However, while
rigid enclosures allow the coil element positions to be optimized, they can also: increase
patient discomfort, potentially causing motion artifacts in the images; and prevent the coil
elements from being placed next to the patient’s anatomy, which can reduce the SNR in
nearby regions. Further, rigid coil arrays limit the ability to perform studies of flexible
high-mobility patient anatomy (eg, musculoskeletal (MSK) joint soft tissue), which requires
the coil elements to be placed close to the patient to evaluate complex joint motion.1112 To
address these limitations, new flexible coil array designs have been proposed based on new
coil design concepts, conductor technologies, and manufacturing techniques to comfortably
conform the coil elements to the patient’s anatomy and to provide high-quality diagnostic
images.
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Flexible Transmission Line Resonator RF Coil Arrays

The flexibility of standard coil elements is physically limited by the electric components (eg,
capacitors, diodes, inductors, preamplifiers) on the printed circuit boards and by the lumped
capacitors that are placed about the perimeter of the coil elements to tune them to the
Larmor frequency and to evenly distribute the received RF currents on the coil conductors
for a more uniform image SNR. The capacitors on the coil conductors are soldered in place
and are prone to crack under patient load or any bending of the coil elements, which limits
both their flexibility and reliability. These risks are more prevalent for coil arrays with a
large number of coil elements or used in ultra-high field applications (eg, 7T), both of which
have an increased number of lumped components in the array.

In contrast, a monolithic transmission line resonator (TLR) coil design can be made to

be flexible and requires no lumped capacitors on the coil conductors because it instead
uses two gapped conductors separated by a dielectric substrate (Fig. 2a), which provides
the inductance (i.e., conductor trace width and length) and capacitance (i.e., conductors
separated by the dielectric substrate) to tune the coil and distribute the RF currents.1415
The use of distributed components instead of lumped components makes TLR coils much
more flexible so that they can conform to the patient’s anatomy to achieve a higher SNR.
Preliminary phantom results showed that a flexible TLR coil element provided a 20%
increase in SNR and a similar B*; field compared to a standard coil element.1®

To create a TLR coil array, new techniques must be used to decouple the coil elements from
one another because methods that require a precise coil overlap, namely lumped components
or additional conductive layers to provide isolation between the coil elements,16:17 are not
suitable for this design. Instead, RF decoupling is provided by adding coil annexes to the
top and bottom conductors in the design and then directly overlapping the top and bottom
annexes from adjacent coil elements to cancel the mutual inductance between them (Fig.
2a). For example, a flexible four-channel dual gap TLR annexed coil array built on a Teflon
substrate (Fig. 2b) had more than —14 dB of isolation between coil elements from the
annexes and was able to acquire images of a flat or curved phantom with a similar SNR

and image quality (Fig. 2c). The annexes provide sufficient RF-isolation for imaging, but
limit the placement of the coil elements in the array and have suboptimal sensitivity profiles
for parallel imaging. An alternative decoupling technique uses “decoupling rings” about

the perimeter of specific coil elements instead of annexes to provide isolation between coil
elements,18 which allows them to be placed more freely in a TLR coil array and to provide
more uniform sensitivity profiles. However, TLR coil arrays provide a less uniform image
SNR and sensitivity profiles for parallel imaging relative to coil arrays in which all the coil
elements are overlapped with no spaces between them (eg, rigid soccer-ball coil array).19
Nevertheless, they still remain a viable future technology for specific imaging applications
that require a flexible coil array for improved image quality.

Flexible Screen-Printed RF Coil Arrays

Although flexible, the TLR coil design uses standard copper conductors for its coil elements,
which ultimately limits the flexibility due to stress cracks that develop when they are
made to conform tightly to a patient. Previously, coil conductors filled with mercury20.21
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or braided copper conductors?? have been used to improve the flexibility, which allowed
the coil to conform to the patient but created safety concerns or produced a suboptimal
image SNR. More recently, the design and manufacturing of flexible coil conductors have
evolved to include elastomer-based materials23 and silver conductors woven into fabric24
that are highly stretchable and mechanically robust, while maintaining adequate electrical
performance and improving manufacturing ease. One promising recent direction integrates
modern printing techniques to construct inkjet-printed conductors?® and rapid-production
screen-printed coil (SPC) conductors, which are created by depositing multiple layers of
special conductive and dielectric inks28 onto a highly flexible plastic film that can conform
to the subject. Interestingly, the screen-printing process also allows the usual lumped
capacitors used on standard coils to be replaced with embedded distributed capacitors by
changing the relative thickness of the conductive and dielectric inks at the desired capacitor
locations around the perimeter of the coil element conductor. Like in the TLR coil design,
the distributed capacitors on the coil elements significantly improve the flexibility and
reliability of the array, but the SPC design still requires the same critical overlap as a
standard coil array,® which restricts the layout of the coil elements in coil arrays with
complex geometries.

So far, the SPC array technology has been used for both brain,2” and pediatric imaging,28
which is a natural clinical application for SPC arrays because they can be printed on a
blanket-like material to provide comfort while positioning the coil elements close to the
subject. In the latter study, a 12-channel pediatric SPC array was constructed and evaluated
for its feasibility, image quality, and caregiver acceptance by imaging 20 pediatric subjects
and comparing the results to those of a 32-channel standard coil array. The coil arrays

were reported to have a similar average SNR in the paraspinal, abdominal wall, and psoas
muscles, but the SPC array had a better g-factor for parallel imaging because its flexibility
provided more coil elements in the field-of-view (FOV). Further, a radiologist scored all 20
cases imaged with the SPC array as diagnostically acceptable and found them comparable
to those imaged with the ill-fitting 32-channel coil array despite it having 20 more coil
elements. Finally, surveyed caregivers (i.e., technologists, anesthesiologists, nurses, parents)
and subjects overall favored the comfortable SPC array. In the future, development of better
cable management, input baluns, and the ability to rapidly design and manufacture coil
arrays with optimized coil placements to provide the highest SNR should make SPC arrays
an interesting alternative for imaging.

Highly Flexible RF Coil Arrays

Recently, novel highly flexible lightweight coil designs that can conform to the patient,
require no lumped components, and have a broad critical overlap region have been proposed,
which allows the coil elements to be placed more freely in the array to achieve a higher

SNR and improve the image quality. For example, the proof-of-concept high-impedance

coil (HIC) design uses a high-impedance flexible coaxial coil conductor, an LC circuit, and
a standard MRI preamplifier to simultaneously acquire the RF signal voltage and provide
RF-isolation between coil elements. This unique high-impedance design provides isolation
by eliminating all induced RF currents when the impedance is lower at the port than at

the coil, which provides a comparatively large critical overlap region compared to that of
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standard coil arrays (Fig. 3a), so that coil elements can be placed more freely in an array

to optimize the geometry for, as an example, parallel imaging.11:2% Similar to the TLR and
SPC designs, the HIC design uses no lumped components on the coil conductor and has

the additional advantage of using the electrical and mechanical properties (eg, substrate
permittivity, ratio of coaxial conductor diameters, length) of the flexible coax to tune the coil
to resonate at the Larmor frequency instead of lumped components in a matching circuit,
which further reduces the number of components in the coil. Additionally, the flexible

coax conductor can conform to patients without damage and is only limited by the coax
bend-radius, which is beneficial for high-mobility imaging applications such as knee and
wrist imaging.

To illustrate the benefits of the HIC design, proof-of-concept MRI experiments were
conducted with an eight-channel HIC glove array: to show that images acquired with this
array had a comparable SNR and image quality as those acquired with a form-fitting
standard 16-channel wrist coil array; and to demonstrate the flexibility of the HIC design
during imaging. Specifically, T1-weighted turbo spin echo (TSE) images of a human wrist
were acquired on a 3T scanner with both the eight-channel HIC glove array and the 16-
channel rigid coil array, which showed that the average SNR of the HIC array improved
near the fingers by 80% and only decreased by 3% over the entire FOV (hand + wrist)
despite having half the number of coil elements (Fig. 3b). In another experiment, a separate
set of T1-weighted TSE images were acquired with the HIC glove array while a subject
moved their hand from a flat position in the scanner to tightly holding a peach, all while
imaging. Remarkably, these images showed minimal change in SNR or image quality for the
same anatomical regions (eg, fingers) between the two drastically different coil positions and
the HIC array was able to image the motion of the wrist between them, which highlights
both the flexibility and possible new research opportunities associated with the HIC design
(Fig. 3c). However, this design still has technical challenges that need to be addressed
before a widespread adoption of the technology is clinically possible. For example, imaging
applications that use coil arrays with large coil elements (eg, body imaging) would require
HIC coil elements to have an extremely thick dielectric substrate for tuning, which would
significantly decrease the flexibility of the array. Still, the large critical overlap region and
high flexibility of the HIC design have shown that it is a potential future technology that can
be used for a variety of imaging applications and provide new MRI research opportunities in
high-mobility anatomical regions.

A second highly flexible and commercially available design, termed the adaptive image
receive (AIR) coil (GE Healthcare, Waukesha, WI), that can conform to the patient and
requires no lumped components on the coil conductor has been developed to provide ultra-
lightweight coil arrays with an optimized geometry for parallel imaging applications in the
clinic. The AIR coil array geometry can be optimized because, like in the HIC design,

the coil elements have a large critical overlap region provided by the combination of a
proprietary extremely thin coil conductor (i.e., INCA wire) and on-board electronics (i.e.,
“E-mode” preamplifier), which allows them to be placed freely in an array to achieve a
high SNR and improved image quality relative to similar standard coil arrays.3° These coil
attributes allow the AIR coil design to be used in extremely flexible configurations, such as a
pediatric coil array embedded in foldable cloth materials.
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The AIR coil design was evaluated in vivo for head and neck, MSK, and pediatric imaging.
For head and neck imaging, T,-weighted images of a healthy volunteer were acquired using
parallel imaging on a 3T scanner with both a 16-channel AIR coil array (Fig. 4a) and

a 30-channel standard head and neck coil array (Fig. 4b) in the same session, but with
repositioning of the subject between scans with the different arrays.12 The study showed that
the AIR coil array, which was constructed of four “paddles” each containing four AIR coil
elements, provided a qualitatively similar image quality as that of the standard coil array
(Fig. 4c,d), despite having significantly fewer coil elements because the overlap between
coil elements could be adjusted freely (0-30 mm), which allowed them to be placed close
to the subject to achieve a high SNR. The AIR coil design was also used to image the

ankle of a healthy volunteer to demonstrate its ability to image high-mobility regions of

the body,3! similarly to the HIC design. The 15-channel MSK AIR coil array used in this
study provided a higher SNR in the ankle and lower leg than a standard eight-channel coil
array because it could flexibly conform to the patient’s anatomy, although it did have more
coil elements. Finally, multiple AIR coil blanket arrays were used for pediatric imaging in
the chest, abdomen, pelvis, and extremities to evaluate their flexibility and diagnostic image
quality in the clinic.12 In this study, acceptance testing performed on MR technologists,
nurses, and medical doctors showed that doctors and nurses all preferred the flexible AIR
coil arrays compared to standard coil arrays, while only 4% of technologists preferred the
standard coil arrays. Further, all of the cases were found to be of diagnostic quality within an
85% confidence interval.

Wireless RF Coil Arrays

Most clinical RF coil arrays currently require large bulky cable assemblies to connect

to the scanner, along with additional RF components (eg, baluns, cable traps) to ensure
patient safety and to maintain image quality. For modern arrays with a large number

of coil elements designed to improve SNR and achieve highly accelerated imaging,1-2:32
the cable assemblies become hard to manage, which can increase patient discomfort and
setup times, and reduce patient throughput. Further, the cable assemblies used by many

of the highly flexible lightweight coil arrays are the heaviest component in the array and
present the biggest obstacle to achieve a comfortable, unrestricted design. Additionally, the
cable assemblies of peripheral devices used, for example, for physiological monitoring of
patients (eg, respiratory motion) require careful routing in the scanner and can present the
same aforementioned issues. To eliminate the cable assemblies from these coil arrays and
peripheral devices, wireless technologies must be integrated into them to wirelessly transmit
the MRI or peripheral data outside of the scanner bore without degrading image quality

or requiring significant modifications to the scanner. Indeed, some of the early advances
have already been adopted by major MR manufacturers (eg, Siemens, GE, and Philips) and
third-party companies for patient monitoring devices (eg, Invivo).

Wireless RF Coil Arrays for Wireless MRI Data Transfer

A truly wireless coil array with no wired connections to the MRI scanner requires wireless
data conversion and synchronization, wireless data transfer, and a wireless power source
for all the electronics needed to acquire and transmit the data. The analog MRI RF signal
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acquired from the subject must first be sampled, digitized, and potentially compressed

for large data sets (eg, from arrays with many coil elements) before it can be wirelessly
transmitted. To this end, the analog RF signal can be sampled “on-coil” with high-speed,
high-resolution, MR-compatible analog-to-digital converters (ADCs) using analog down
conversion,33 direct undersampling,34:3% or baseband demodulation sampling techniques,3®
which can reduce the amount of data, and therefore the data rate, to be wirelessly
transmitted.3” For example, a modern 3T 64-channel RF coil array has been estimated

to only require a minimum data rate of 512 Mbps, or 8 Mbps/coil element, using 16-bit
ADCs and a demodulated baseband technique.33:38:39 Critically, the ADCs data acquisition
clock must be wirelessly synchronized with the MRI scanner clock using additional software
and in-bore hardware to avoid clock-jitter, which effectively reduces the number of ADC
sampled bits and can result in image artifacts.*%:41 The clock synchronization is an active
area of research in wireless MRI and is a major obstacle to the ubiquitous use of wireless
MRI in a clinical setting.

Previously proposed methods to wirelessly transmit properly sampled and synchronized
MRI data from the RF coil to the scanner electronics have used two main wireless

radiation mechanisms: near-field inductive coupling and far-field wireless data transmission.
Inductively coupled transmission allows the analog signal to be wirelessly transferred
between two or more additional coils placed in the scanner bore,*2 which has no data rate
transmission requirements because the signal is not digitized in-bore. Further, this method of
data transfer uses minimal electronics to sever the cable connection in the bore but requires
careful setup?344 and can decrease SNR,*> which reduces patient throughput and image
quality. The alternative far-field methods for wireless MRI have mostly used additional 2.4-
or 5-GHz WiFi (eg, 802.11 b/g/n/a/c)*® and WiGig 60-GHz (eg, 802.11 ad) (Fig. 5) antennas
and low-power electronics38:39:47 to wirelessly transfer data in the scanner bore, which can
reliably provide data rates between 11 Mbps (802.11b) and 500 Mbps (802.11 ad) with

low bit-error.38 Excitingly, proof-of-concept MRI experiments have first been conducted

to wirelessly transfer data at low data rates (eg, <100 Mbps)*8:49 and more recently with
WiGig at high data rates (eg, >100 Mbps) suitable for RF coil array applications*’ (Fig.

5b), which demonstrated the ability of these methods to wirelessly transmit data in the bore
without decreasing the image SNR. These systems do not require any expensive scanner
bore modifications and can easily be used with existing scanners; however, they require an
additional antenna system in the bore for some low data rate*® and the WiGig high data rate
wireless data transfers. In practice, high-frequency antenna designs are generally susceptible
to higher radiated losses in tissues, result in a higher specific absorption rate (SAR) in
subjects, and use highly directional antennas to transfer data, which therefore must be placed
carefully within the bore to minimize losses and SAR in the subject, optimize data transfer,
and avoid coupling when placed near other electronics (eg, RF coil array, scanner wiring).
Still, these antenna systems can be designed and optimized for use in the scanner, which can
help improve the implementation of wireless RF coil arrays in MRI.%0 Lastly, we note that
wireless systems that can transfer data at low and high data rates both have potential in MRI
as each is highly dependent upon the RF coil array application. For example, an extremely
high data rate system is required for high-density neuroimaging coil arrays,:2 but a lower
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data rate system with cheaper electronics would be suitable for a four-channel cardiorenal
coil array®! or the aforementioned eight-channel HIC glove array.

All of these wireless technologies for RF coil arrays require alternative power sources for
their on-board electronics (eg, processors, ADCs, and wireless transceivers), which can have
power requirements between an estimated 10 and 100 W for high-density coil arrays.33
Innovatively, the MRI scanner itself can be used to provide power to the electronics by using
two or more additional coils in the scanner to harvest power from the scanner RF transmit
pulses during imaging. Specifically, this wireless power transfer (WPT) system uses a
secondary coil tuned to the Larmor frequency to gather energy from the high-power scanner
RF transmit pulses (eg, 10-30 kW) and to inductively couple it to a primary coil, where

it can then be rectified and used to power electronics®2-5° (Fig. 5¢). These systems have
shown the ability to harvest up to 13 W from a 1.5T scanner, which is sufficient to power,
for example, the 60-GHz wireless transceivers for any modern high-density coil array.38 A
challenge for the WPT system is that it must be precisely positioned in the scanner bore to
prevent it from coupling with the RF coil array and decreasing image SNR, which suggests
that it must be integrated into the scanner. While a significant and costly implementation for
existing scanners, a fully integrated WPT system in future scanners could provide a possible
power solution for wireless electronics in the bore. For more information, an extensive
review of wireless RF coil array hardware is presented in Ref. 33.

Wireless RF Coil Arrays for Wireless Data Transfer from Peripheral Devices

In MRI, peripheral devices are used to monitor patient physiological motion (eg, pulse
oximeter, respiratory belt, motion sensor) or spatiotemporal changes in the magnetic field
(eg, field cameras) to correct for subject- or system-related artifacts. In the past, these
devices required wired connections from inside the scanner bore to power supplies and
computers in the machine or console rooms. Recently, and similarly to the wireless RF coil
arrays mentioned above, these wired connections are gradually being replaced by wireless
products to increase patient comfort, safety, and throughput.

Rigid-body motion can be wirelessly detected by adding small inductively coupled coils
near the subject and by identifying changes in the MRI signal frequencies when gradients
are applied in the imaging pulse sequence.56-58 These changes in frequencies allow the
positions of the coils and hence the amount of subject movement during the scan to

be determined, which can then be used to correct for motion artifacts in the images. In
another innovative wireless rigid-body motion detection system, short-wave RF signals

are transmitted to passive sensors placed on the subject and the reflected RF signals are
then measured to determine the subject’s position.5® By removing wired connections, these
sensors decrease the risk of local heating to the subjects and the time required to set up the
motion detection systems.

Additionally, cardiac and respiratory motion during MR image acquisition can generate
artifacts in the images that significantly reduce their clinical diagnostic quality. To correct
for such artifacts and improve the image quality, many solutions have been proposed,
including pulse sequence gating techniques,59-63 camera systems,54-66 fiber-optic sensors,57
and novel ultrasound (US) based organ configuration motion (OCM) sensors.88-70 The
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unique OCM sensor attaches to the skin and can characterize the internal movement of
organs during cardiac and respiratory motion (Fig. 6a), which provides significantly more
anatomical information compared to, for example, respiratory bellows. However, each of
these hardware systems currently use wired connections to power the devices and to transmit
data outside of the scanner room. As such, they require additional technologies to provide
wireless data transfer for the sensors.

Most peripheral devices, as adopted by industries thus far, are made wireless by using
additional antenna systems and electronics in the scanner bore to transmit sensor data
outside of the scanner room, which has the same aforementioned disadvantages as for RF
coil arrays. Alternatively, a new integrated RF/wireless (iIRFW) coil design*® can be used

to simultaneously acquire MR images and wirelessly transmit sensor data outside of the
scanner bore by allowing RF currents both at the Larmor frequency (eg, 127.7 MHz for a
3T scanner) and within a wireless communication band (eg, 2.4 GHz for WiFi) to flow on
the conductors of the same coil element (Fig. 6b), which eliminates the need for additional
antenna systems in the scanner bore.” A conventional RF coil element can be modified into
an iRFW coil element by adding high-impedance bandstop filters at the Larmor or wireless
frequencies between the coil element and the wireless module or the MRI preamplifier,
respectively, to prevent RF losses incurred to both of them in their respective frequency
bands. Proof-of-concept phantom experiments with an iRFW coil showed its ability to
simultaneously acquire MR images and wirelessly transmit US data acquired with a 1-MHz
OCM sensor to a computer in the console room with no degradation in image SNR (Fig. 6¢)
or US data quality (Fig. 6d).”2 The US data were digitized and modulated in-bore using a
battery-powered MR-compatible custom ADC printed circuit board and modified Raspberry
Pi Zero (~100 mW), respectively. Notably, for this and other low-power applications,36.67
MR-compatible batteries that are commercially available are an easy and viable option to
provide power to in-bore electronics. With this design, the RF coil array eliminates the need
for any additional antenna systems by simply changing the electrical design of one or more
coil element(s) in the array and the in-bore electronics can be miniaturized to save space

in the scanner bore. The iRFW coil design thus provides an in-bore wireless hub for the
wireless transmission of data from peripheral devices.

Integrated RF/Shim Coil Arrays

Magnetic susceptibility differences at air/tissue interfaces induce static magnetic field
inhomogeneities (ABp) in many regions of the human body, including the inferior
frontal and temporal brain regions, spinal cord, breast, and abdomen. These localized 5,
inhomogeneities can result in image artifacts (eg, geometric distortions in echo-planar
imaging (EPI), blurring in non-Cartesian imaging, signal loss in gradient-echo imaging),
increase spectral line widths in MR spectroscopy, and reduce the effectiveness of fat
saturation, water-fat separation, and water suppression.”® All of these issues limit the
diagnostic accuracy and prevent a wider clinical application of valuable MRI techniques
such as diffusion-weighted imaging (DWI1).

The most common By shimming method, which is spherical harmonic (SH) shimming,’*
consists in approximating the By inhomogeneities to be shimmed with a sum of orthogonal
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SH terms up to a certain order. Each of these terms can then be canceled by generating

a corresponding AB, field with an opposite polarity. Specifically, a global B, offset
(zeroth-order term), linear By gradients (first-order terms), and higher-order A5, fields
(second-order terms and above) are generated by adjusting the resonance frequency;,

by using the x/)/zgradient coils, and by using additional whole-body SH shim coils
embedded in the scanner bore, respectively. While higher-order SH shim coils can provide

a more effective shimming, they also require additional space within the scanner bore and
expensive shim current supplies. Thus, SH shimming is typically limited to the second

order on most scanners and cannot effectively shim localized By inhomogeneities. Multi-coil
shimming,”®76 which uses an array of smaller localized shim coils placed closer to the body,
was shown to be more effective than second- or third-order SH shimming, but the localized
shim coil array competes with the RF coil array for the same space near the body and must
be placed inside or outside the RF coil array, which can result in a suboptimal SNR or
shimming performance.

To address these limitations, integrated RF/shim coil designs’’~7® have recently been
proposed, in which RF currents at the Larmor frequency and direct currents (DC) can

both flow on the same coil elements, thereby enabling RF excitation/reception and localized
By shimming, respectively, with a single coil array rather than two separate RF and shim
coil arrays. Integrated RF/shim coils are also referred to as integrated parallel reception,
excitation, and shimming (iPRES) coils, integrated ABy/Rx coils, or AC/DC coils. While
most designs are only used for RF reception and By shimming, some of them can
additionally be used for RF excitation.’7-80.81

A conventional RF coil array can be relatively easily modified into an integrated RF/shim
coil array by adding (Fig. 7a): a multi-channel DC power supply to provide an adjustable
DC current to each coil element; a shielded twisted-pair DC cable with chokes to provide
RF-isolation between the power supply and each coil element; and inductors to bypass

the capacitors and allow a DC current to flow on each coil element.”8.79 Shimming with
integrated RF/shim coil arrays is performed by: acquiring a set of basis ABy maps on a
phantom with a known DC current applied in one coil element at a time (which only needs
to be done once); acquiring a baseline ABy map in the subject; and determining the optimal
DC currents to apply in all coil elements to minimize the By inhomogeneity in the volume
or slice of interest (which is typically calculated as the root-mean-square error between the
baseline ABy map and a linear combination of the basis ABy maps), subject to a maximum
current constraint.82

The shimming performance of integrated RF/shim coil arrays in the human brain was shown
to be superior to that of second-order SH shimming and comparable to that of higher-order
SH shimming or multi-coil shimming (Fig. 8a).”3:78.79 Importantly, most implementations of
integrated RF/shim coil arrays do not degrade the SNR.71.78:82-84 Thys integrating an RF
coil array and a localized shim coil array into a single RF/shim coil array enables both a high
RF and shimming performance to be achieved without requiring additional space within the
scanner bore. Additionally, the low inductance of the coil elements allows the DC currents
to be quickly updated to dynamically shim individual slices in a multi-slice acquisition (or
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groups of slices in a multi-band acquisition), resulting in a more effective shimming than
global (eg, whole-brain) shimming.”3:87.88

One potential limitation of integrated RF/shim coil arrays is that the coil geometry (i.e.,
number, size, shape, and location of the coil elements) may not always be optimal to achieve
both a high RF and shimming performance. For example, the coil elements of a body coil
array, which are typically larger than those of a head coil array, may not be sufficiently
small to shim the localized By inhomogeneities in the abdomen. To address this issue,

the iPRES(A) coil design82 was proposed, in which each RF coil element is split into A/
smaller RF-isolated DC loops, each with an independent DC current (Fig. 7b), resulting in
a larger number of more localized AB; fields available for shimming and hence in a more
effective shimming of localized By inhomogeneities compared to the original iPRES(1) coil
design.82:83 One drawback of the iPRES(/) coil design, however, is that it requires an A
fold increase in the number of DC power supplies and in the associated cost. In the adaptive
iPRES (M) coil design,89:90 microelectromechanical system switches are used to direct the
DC current from a single DC power supply per RF coil element into the appropriate DC
loops as needed for shimming (Fig. 7c), providing a comparable shimming performance as
that of an equivalent iPRES(N) coil design, but without requiring additional power supplies.
Other approaches to improve the shimming performance of integrated RF/shim coil arrays
consist in adding DC loops that are only used for shimming and are either located in regions
not covered by RF/shim coil elements, such as over the face (Fig. 7d,e),”3:9 or placed
orthogonal to some of the RF/shim coil elements (Fig. 7f), although at the expense of
occupying more space in the scanner bore.%2

The iPRES and iRFW (see previous section) coil designs can also be combined to allow
RF currents both at the Larmor frequency and within a wireless communication band

as well as a DC current to flow on the same coil element (Fig. 7g), thereby enabling

MR imaging, wireless communication, and localized By shimming, respectively, with a
single coil element.*8 This wireless iPRES (iPRES-W) coil design thus enables wireless
localized By shimming using DC currents that are supplied by an MR-compatible battery
pack within the scanner bore and wirelessly controlled by a computer located outside the
scanner room.84 In the dual-stream iPRES-W coil design, two iPRES-W coil elements
(along with additional iPRES coil elements) are used to enable two concurrent wireless
applications, such as wireless localized By shimming and wireless respiratory monitoring
with a respiratory belt.”*

While still relatively recent, integrated RF/shim coil arrays have already been used to shim
localized B, inhomogeneities in multiple applications in the human brain,?1:73.78.79.85-88,93
abdomen,82:89.90 spinal cord,84:94.95 and breast,83 as well as the monkey brain% and rat
brain.®” Specifically, they have been used: to correct for geometric distortions in EPI

(Fig. 8b,d),”173.78.79 including for DWI (Fig. 8f),83:90 diffusion tensor imaging (DTI) (Fig.
8e),84.87.88 and quantitative parameter mapping??; to recover signal loss in gradient-echo
EPI for fMRI (Fig. 8c) using a new cost function in the shim optimization that directly
accounts for the signal loss®: to dynamically shim respiration-induced AB, changes in real
time using a respiratory sensor®; and to reduce spectral line widths and improve metabolite
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quantification in MR spectroscopic imaging (MRSI) (Fig. 8g), including in patients with
brain tumors.8®

While integrated RF/shim coil arrays were originally designed for By shimming, their ability
to precisely and quickly control the AB, field in space and time has more recently also

been exploited for many other applications. For example, spatially selective excitation can
be achieved without requiring specialized pulse sequences by applying a tailored nonlinear
AB, pattern during the RF excitation, so that only the spins in the target region-of-interest
(ROI) are on resonance while those outside the ROI are not, thereby enabling zoomed three-
dimensional (3D) EPI in the visual cortex with a reduced FOV or in the peripheral cerebrum
with a higher undersampling and reduced g-factor penalty (Fig. 9a).%8 Lipid suppression in
MRSI can be improved by applying a tailored AB, offset during the lipid suppression RF
pulse, so that the water and lipid peaks are further separated in the frequency domain,
resulting in reduced chemical shift artifacts (Fig. 9b).9° Cerebral blood flow territory
mapping can be performed with arterial spin labeling (ASL) by controlling the AB, field
near specific arteries in the labeling plane during the labeling RF pulses, so that only the
spins in the artery of interest are on resonance and are labeled, while those in other arteries
are shifted outside the passband of the labeling pulses (Fig. 9¢).19° A more uniform B;*
field and flip angle distribution can be achieved at 7T without requiring parallel transmission
by jointly optimizing the RF waveform from a birdcage transmit coil, the x/y/z gradient
waveforms, and the shim waveforms from an integrated RF/shim coil array, which provides
additional degrees of freedom to perform spatially varying spin dephasing during the RF
pulse (Fig. 9d).191 The precision and efficiency of MR fingerprinting can be improved

by adding spatiotemporal AB, (and even B;*) variations throughout the pulse sequence in
addition to the traditional variations in flip angle and repetition time, thereby improving

the encoding capabilities of MR fingerprinting, the uniqueness of the signal evolutions

from different tissues (i.e., the “fingerprints™), and the ability to identify the underlying
tissue properties using pattern recognition of these fingerprints (Fig. 9e).80:102 Finally,
wave-encoding parallel imaging, which applies a low-frequency wave-encoding of the
gradient waveforms during the data acquisition to achieve high accelerations with minimal
g-factor penalty, can be further accelerated (up to ~20-fold) by adding a high-frequency
wave-encoding of the shim waveforms from an integrated RF/shim coil array (Fig. 9f).103
While some of these results are still preliminary, all of these examples nevertheless illustrate
the usefulness, versatility, and potential of integrated RF/shim coil arrays for a wide range of
applications.

Discussion and Outlook

The RF coil technologies are constantly evolving and expanding. Surely, there are new
breakthroughs already in development that are not mentioned or adequately discussed in this
review article. However, we hope that our highlights provide the readers with a snapshot of
some of the recent exciting advances in this dynamic field.

This review would not be complete without providing some prospective discussions on the
RF coil development. “After all, the past is our only real guide to the future,” as author
Michael Mandelbaum fittingly puts it. So where are the RF coil technologies headed?
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Flexible RF Coil Arrays

The highly flexible HIC and AIR coil arrays will clearly have extensive applications in
diagnostic imaging but they can also play an important role in therapeutic interventions.
These coil designs have a small coil conductor and require no lumped capacitors, which

can otherwise have high radiation attenuation factors that can change the dose delivered to
the patient during treatment. As such, these RF coil designs are good candidates for use

in MR-LINAC (linear accelerator) radiation therapy treatments to provide precise imaging
of tumor target volumes without reducing the radiation dose presented to the patient.12:29
Similarly, these coil arrays can be used in MR-PET clinical applications to identify cancers
in the head and neck,1%4 prostrate,19° and thyroid1% during pretreatment planning. Since
these lightweight coil arrays can be sewn into blankets that can be comfortably wrapped
around the patient, it is feasible to use a single HIC or AIR coil array that can travel with the
patient during pretreatment diagnostic imaging and therapeutic radiation treatments without
having to reposition the coil array on the patient to provide a consistent coil coverage of the
anatomy.

Wireless RF Coil Arrays

Wireless RF coil designs have already demonstrated the ability to wirelessly transfer MRI
data at sufficient data rates for existing high-density coil arrays. In the future, even higher
data rates can be expected as the number of coil elements in arrays, the spatial resolution
used in many applications, and the size of datasets from peripheral devices (eg, 4K video)
all increase, which may require different modulation techniques for wireless data transfer.
A possible solution is to use current cellular mmWave 5G multiple-input, multiple-output
(MIMO) technologies197:108 to wirelessly transmit data in the scanner. For example, a 4 x
4 MIMO 28-GHz 5G wireless system has measured uplink and downlink throughput speeds
of approximately 1 and 9 Gbps, respectively,109 which would be sufficient to wirelessly
transmit any MRI dataset in the foreseeable future. For this system, the mmWave antennas
would clearly have to be optimized for use in the MRI scanner bore, similarly to many

of the wireless systems mentioned above. Alternatively, these antennas could be replaced
with iRFW coil elements in an array (eg, an iRFW mmWave coil array) to provide an
antenna design for an optimal throughput in the scanner bore. Additionally, this system
would require WiFi-equivalent 5G in-bore electronics and an access point (eg, 5G router)
to enable wireless data transfer between the iRFW coil array and the console room, which
are expected to become commercially available, similarly to long-term evolution (LTE)
cellular access points that are used in homes today. The combination of extremely high
throughput wireless technologies and highly flexible coil arrays will significantly change
the patient interaction with the MRI scanner environment. For example, pediatric imaging
with a high-throughput wireless flexible blanket coil array used with “quiet” MRI pulse
sequences!19 would allow pediatric patients to rest comfortably while swaddled in the array
with no wired connections to the scanner, which would permit the MR technologist to
position them in a way that provides the best images.
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Integrated RF/Shim Coil Arrays

As discussed earlier, the ability of integrated RF/shim coil arrays to simultaneously acquire
MR images and shim localized B, inhomogeneities has been demonstrated in brain imaging
for multiple applications, including DTI, fMRI, MRSI, and quantitative parameter mapping.
Moreover, they have also shown promising results in abdominal, spine, breast, and animal
imaging, as well as for nonshimming applications such as spatially selective excitation,
lipid suppression, cerebral blood flow territory mapping, flip angle uniformization, MR
fingerprinting, and wave-encoding parallel imaging. While some of these more recent
applications are still under development, the unique ability of integrated RF/shim coil arrays
to control the AB field in space and time without requiring additional space in the scanner
bore or degrading the SNR is expected to benefit a growing number of research and clinical
applications.

Along those lines, another function that could potentially be performed by integrated
RF/shim coil arrays is spatial encoding. Traditionally, spatial encoding is achieved by

using gradient coils. However, since integrated RF/shim coil arrays can already generate
individual AB, fields for shimming, the same AB; fields can in principle also be used for
spatial encoding. Not surprisingly, there have been recent reports on using localized shim
coil arrays to perform both linear!! and nonlinearl12 spatial encoding, and promising
preliminary results have shown the ability of these methods to resolve spatial details.
However, performing spatial encoding with the single-turn coil elements of integrated
RF/shim coil arrays rather than the multi-turn coil elements of multi-coil shim arrays
remains technically challenging, as the AB; fields and hence DC currents needed to generate
sufficiently strong gradients for spatial encoding can be much greater than those used for
shimming. As such, power and heating issues for this new application of integrated RF/shim
coil arrays need to be carefully managed.

Final Thought

One radical idea, integrating all the RF coil advances discussed in this review, is an
ultra-light flexible, wearable, and self-powered RF head coil helmet that can perform RF
excitation/reception, spatial encoding, localized By shimming, and wireless transfer of the
MR signal and other signals from peripheral devices to the scanner console. Imagine that for
our future. This seems like a good place to end.
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FIGURE 1:
Thirty-two-channel “soccer ball” (a) and body (b) coil arrays placed on rigid enclosures for

neuro and body imaging. Adapted from Refs. 8 and 19, respectively, with permission.
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FIGURE 2:
Four-channel dual gapped TLR coil design with decoupling annexes (a) in a flat or flexible

configuration (b) to image a flat or curved phantom (c), respectively. Adapted from Ref. 13,
with permission.
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FIGURE 3:
(a) Critical overlap of HIC and standard coil elements. T1-weighted TSE images of a wrist

acquired with an eight-channel HIC coil array to compare the SNR with that of a 16-channel
standard coil array (b) and holding a peach to demonstrate its flexibility (c). Adapted from
Ref. 11, with permission.
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FIGURE 4:
To-weighted 3D multi-spin echo images acquired with a 16-channel AIR head and neck

coil array (a) and a 30-channel standard head and neck coil array (b). The AIR coil array
(c) provided a similar diagnostic image quality as the standard coil array (d). The overlap
between the AIR coil elements ranged from 0 to 30 mm. Adapted from Ref. 30, with
permission.
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FIGURE 5:
Sixty-GHz wireless data transfer systems using either custom (a) or off-the-shelf (b) electric

components and antennas. With data rates above 500 Mbps, they are suitable for wireless
MRI data transfer for high-density coil arrays. The array electronics can potentially be
powered using wireless power transfer from the system (c). (a—b) adapted from Refs. 38 and
47, respectively, with permission.
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FIGURE 6:
Novel OCM ultrasound probe (a) used with an integrated RF/wireless coil (b) in the scanner

bore to simultaneously acquire MRI images and wirelessly transmit ultrasound data on a
phantom with no loss in SNR (c) or ultrasound data quality (d).
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FIGURE 7:
Examples of integrated RF/shim coil designs. (a) iPRES(1) coil element with a DC power

supply, a pair of chokes (L¢hoke), and an inductor (L) to enable a DC current (blue) to flow
on the coil element for localized By shimming in addition to the RF current (red) for RF
excitation/reception. (b) iPRES(4) coil element split into four smaller RF-isolated DC loops,
each with an independent DC current. (c) Adaptive iPRES(4) coil element with switches

to direct the DC current from a single DC power supply to the appropriate DC loops for
shimming. Thirty-two-channel integrated RF/shim head coil array with additional four-turn
DC loops over the face (d,e) or orthogonal to the eye coil elements (f). (g) iPRES-W

coil element with high-impedance 127-MHz and 2.4-GHz bandstop filters between the coil
element and the wireless module or the MRI preamplifier, respectively, to enable an RF
current within the 2.4-GHz WiFi communication band (orange) to flow on the coil element
for wireless communication in addition to the RF current at the 127-MHz Larmor frequency
(red) for 3T MRI and the DC current (blue) supplied by an on-board MR-compatible battery
pack for localized By shimming. (d) and (e,f) adapted from Refs. 73 and 92, respectively,
with permission.
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FIGURE 8:
Localized By shimming applications of integrated RF/shim coil arrays. (a) ABy maps of

the human brain at after slice-optimized shimming with different integrated RF/shim coil
arrays (red), a multi-coil shim array (green), and third- to sixth-order SH shim coils (blue).
(b) Spin-echo EPI images of the brain overlaid with contour lines from an undistorted
anatomical image, showing substantially reduced distortions after slice-optimized shimming
with iPRES compared to whole-brain second-order SH shimming. (c) Gradient-echo EPI
images and breath-holding fMRI activation maps, showing a higher signal intensity and
number of activated voxels in the inferior frontal brain region (pink oval) after slice-
optimized shimming with iPRES. (d) Spin-echo EPI images of the abdomen, (e) DTI
images and fractional anisotropy (FA) maps of the spinal cord, and (f) DWI images and
apparent diffusion coefficient (ADC) maps of the breast, all showing reduced distortions
after slice-optimized shimming with an iPRES(3) body coil array, an iPRES-W spine coil
array, and an iPRES breast coil array, respectively. (g) MRSI spectra in a frontal brain
region, showing improved metabolic peaks after shimming with an integrated RF/shim coil
array. (a—g) adapted from Refs. 79, 78, 86, 82, 84, 83 and 85, respectively, with permission.
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FIGURE 9:
Nonshimming applications of integrated RF/shim coil arrays. (a) Spatially selective

excitation using a tailored nonlinear AB; pattern during the RF excitation to enable zoomed
3D EPI in the visual cortex or peripheral cerebrum. (b) Improved lipid suppression in MRSI
using a tailored AB, offset during the lipid suppression RF pulse to better separate the

lipid and water peaks and reduce chemical shift artifacts. (c) Cerebral blood flow territory
mapping with ASL using a tailored AB, field near specific arteries during the labeling

RF pulses to selectively label the spins in the desired artery (eg, left carotid). (d) Flip-
angle uniformization at 7T using a joint optimization of the RF waveform, x/y/z gradient
waveforms, and shim waveforms from an integrated RF/shim coil array. () Improved
encoding capabilities and uniqueness of signal evolutions in MR fingerprinting using
additional spatiotemporal AB, variations throughout the pulse sequence. (f) Accelerated
multi-frequency wave-encoding (mf-wave) using additional high-frequency wave-encoding
of the shim waveforms from an integrated RF/shim coil array during the data acquisition.
(a—f) adapted from Refs. 98-103, respectively, with permission.

J Magn Reson Imaging. Author manuscript; available in PMC 2023 September 11.



	Abstract
	Flexible RF Coil Arrays
	Flexible Transmission Line Resonator RF Coil Arrays
	Flexible Screen-Printed RF Coil Arrays
	Highly Flexible RF Coil Arrays

	Wireless RF Coil Arrays
	Wireless RF Coil Arrays for Wireless MRI Data Transfer
	Wireless RF Coil Arrays for Wireless Data Transfer from Peripheral Devices

	Integrated RF/Shim Coil Arrays
	Discussion and Outlook
	Flexible RF Coil Arrays
	Wireless RF Coil Arrays
	Integrated RF/Shim Coil Arrays
	Final Thought

	References
	FIGURE 1:
	FIGURE 2:
	FIGURE 3:
	FIGURE 4:
	FIGURE 5:
	FIGURE 6:
	FIGURE 7:
	FIGURE 8:
	FIGURE 9:

