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Radiofrequency (RF) coils are key components of magnetic resonance imaging (MRI) systems. The pri-
mary purpose of this review is to provide a basic theory of RF coil designs and their characterization by
bench measurements, electromagnetic field simulations and MR measurements. With the continuing
increase of magnetic field strength in MRI instruments, the RF wavelength in the subject under study
becomes comparable to or smaller in size than the anatomical dimensions of the tissue under study,

which amplifies the signal inhomogeneity. Also, RF energy increases quadratically with the Larmor
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frequency, which leads to increased heat deposition in the subject, especially at ultra-high field. Elegant
RF coil designs are explored here to address these challenges.

© 2017 Elsevier Inc. All rights reserved.

Introduction

Radiofrequency (RF) coils on magnetic resonance (MR) scanners
are used for transmitting and receiving the RF signal at a single
frequency. An RF pulse is applied for duration of micro-to milli-
seconds in order to tip the magnetization from its equilibrium
position. A high-power RF pulse (typically in the kW range) with a
constant amplitude and phase induces a current in the coil
conductor. On the receive side, oscillations of the magnetic field
due to the resonating spins induce a voltage in a coil conductor. In
contrast to the transmit signal, the receive signal is at much lower
power. Therefore, before the (millivolt-level) signal is digitized with
an analog-to-digital (A/D) converter, it is first amplified by low-
noise preamplifiers. Moreover, sufficient isolation of the signal
transmission from the signal reception is important to protect the
MR system's sensitive receive electronics. A transmit/receive switch
and active receive blanking are used to ensure that the trans-
mission reception signal leakage is minimized. Therefore, the
transmit/receive switch must have high power capacity (4—16 kW
for 7 T), fast switching (<10 ps), and high isolation between the two
channels (>30 dB) [1].

An RF coil consists essentially of an inductor and a capacitor,
known as lumped elements. A capacitor can be connected in par-
allel and in series for tuning to the appropriate/desired frequency,
and for matching to 50 Ohms (Q), which is the termination for all
MR electronics, respectively (Fig. 1a) [2]. The coil components must
be non-magnetic and be able to handle a high RF power input. In
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general, as a conductor, copper wire, copper tape or silver plated
wires can be utilized with non-magnetic parallel-plate ceramic
capacitors or ceramic trimmer (variable, i.e. 1 to 10 pF range) ca-
pacitors, non-magnetic inductors, or varnished copper wires used
as an inductor with non-magnetic connectors and coaxial cables at
50 Q. As an alternative to rigid copper wires, feasibility studies of
flexible RF coils using inkjet- [3]| and screen- [4] printed conductors
have been reported. The components should be arranged sym-
metrically with respect to ground to ensure a zero voltage relative
to the rest of the coil. Maximum conductor length should be smaller
than wavelength/20 to avoid a standing wave between lumped
elements and source [2]. This can be achieved by distributing the
capacitors around the coil.

The RF coil must be tuned at the nuclei Larmor frequency and
matched to 50 Q to transmit the maximum input RF power into the
imaging subject (Fig. 2). By varying the inductor (in the nH range)
and capacitor (in the pF range) values, the reflection coefficient of
the RF circuit with respect to the 50 Q transmission line can be
minimized to —13 dB or better. This ensures that the reflected
power is minimized to 5% of the input RF power. As the resistance in
the circuit increases, the quality of the resonance will be reduced.
The sharpness of the resonance peak is described by the quality
factor (Q-factor) which is defined as the resonance frequency
divided by the full-width-half-maximum bandwidth. Upon loading
of the RF coil with a subject or sample, the Q-factor should drop. If
the ratio of the unloaded to loaded Q-factor is 6, the power loss in
the imaged subject is 5-fold greater than the losses in the coil
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List of abbreviations

RF Radiofrequency
kW kiloWatt
A/D Analog-to-Digital

T Tesla

dB Decibel

F Farad

H Henry

Q-factor Quality factor

S Siemens

FOV Field-of-view

SNR Signal-to-noise ratio

BOLD  Blood-Oxygen-Level Dependent

fMRI Functional MRI

SAR Specific absorption rate

IEC International Electrotechnical Commision
VOPs Virtual observation points

Hz Hertz

CEM43 Cumulative Equivalent Minutes at 43 °C
EM Electromagnetic

CAD Computer-Aided Design

PEC Perfect Electric Conductor

FDTD Finite-Difference Time-Domain

FEM/FIM Finite Element/Integration Method

Bf map RF field mapping

SA2RAGE Saturation prepared with 2 Rapid Gradient Echoes
DREAM Dual Refocusing Echo Acquisition Method

CSF Cerebrospinal fluid

VNA Vector network analyzer

components. A low Q-factor may indicate high loss or a large fre-
quency bandwidth.

To mimic the human brain as an imaging subject, a sphere-
shaped homogeneous phantom filled with tissue-simulating
liquid or gel can be utilized. A phantom with the same dielectric
properties as typical brain tissue can be utilized to test the RF coils
on the bench and on the MR scanner. For example, the average
dielectric constant of the human brain is 55 and electrical con-
ductivity is 0.7 S/m at 300 MHz (7 T). The main ingredient of the
phantom is water, which has a dielectric constant of 80 at 300 MHz.
Salt (NaCl) can be added to increase the electrical conductivity,
while table sugar is used to decrease the dielectric constant. But
added sugar leads to a poor quality MR signal. Therefore,
polyethylene-based chemicals are preferred along with agar mix-
tures to decrease the dielectric constant [5].

The main categories of RF coils are volume and surface coils
(Fig. 3). As volume coils permit imaging of a larger field-of-view
(FOV) with a homogeneous excitation, surface coils provide high
efficiency and sensitivity in the vicinity of the coil. Surface coils are
mainly used as a receive coil array, as they are characterized (in
addition to their high receive sensitivity in the vicinity of the coil)
by a low noise pick up as they couple to a limited tissue volume [6].
Coupling between the array elements leads to resonance peak
splitting and reduced transmit efficiency as a result of the con-
ducting current leaking into the neighboring array element.

"capacitor—b

Adjacent surface coil elements [7] can be partially overlapped to
cancel the mutual inductance. For the array elements, cable routing
must be fixed to minimize the cable-to-cable coupling as well as
cable-to-electronics coupling on the scanner/patient bed.

RF coils can be used as transceivers, independent transmit or
receive coils and as double-tuned coils. The same RF coil trans-
mits and receives the RF signal as a transceiver, while separate RF
coil designs are utilized as independent transmit and receive. For
example, the commercial 7T head coil manufactured by Nova
Medical (Wilmington, MA) consists of a single-channel
birdcage transmit coil and 32-channel surface loop receive
coils. The advantage of the multi-channel receive array is to in-
crease the local sensitivity in the peripheral part of the brain
where the transmit field is low (Fig. 6a). This results in enhanced
homogeneity in overall MR signal for conventional gradient echo
imaging despite unwanted image contrast changes due to
the variations in the transmit field distribution. This also im-
proves the acquisition speed by using parallel imaging methods.
Furthermore, multi-nuclei (e.g. 13C, N, 3'P) MR imaging/spec-
troscopy requires single/multiple RF coils tuned to multiple
frequencies. For example, a combination of a linear phosphorous
and quadrature proton RF loop coils (Fig. 1b) can be used for
the acquisition of high quality 3'P spectra in the occipital lobe of
the human brain and for proton signal localization and
shimming.

Fig. 1. (a) Picture of a loop RF coil consisting of five parallel-plate ceramic capacitors, copper wire, ceramic trimmer capacitors and a coaxial cable. As indicated in the picture, the
length of the copper wire between two adjacent capacitors is less than A/20. (b) Picture of single phosphorous (*'P) (diameter = 6 cm)/quadrature proton ('H) (diameter = 8 cm)

loop coils used for 7 T MRI/MRS of the occipital lobe of the human brain.



12 0. Ipek / Analytical Biochemistry 529 (2017) 10—16

680 MHz

A
o)
§=
=
G
© -30.dB
E =

¥

Fig. 2. Reflection coefficient (511) measurement on a vector network analyzer (VNA).
Here, the central frequency is set to 600 MHz with a 100 MHz span. The marker on the
resonance peak shows ~30 dB for the S11 coefficient at 600 MHz. The tuning of the
peak changes by moving the peak through the various frequencies. On the other hand,
the peak becomes smaller or bigger depending upon the matching.

Advantages and challenges at ultra-high field MR

An increase in the static magnetic field offers various advantages
for in vivo applications: an increase in signal-to-noise ratio (SNR)
[8,9], higher spatial resolution [10], increased spectral resolution
[11], increased sensitivity of the Blood-Oxygen-Level Dependent
(BOLD) signals in the visualization of brain activity, an enhance-
ment in T+ contrast [12] and higher parallel imaging performance
[13,14].

On the other hand, an increase in the static magnetic fields
brings about new physical challenges: decreased RF penetration in
the subject under study, higher RF power requirements [15—17]
and increased susceptibility and chemical shift artifacts [18]. Even
more importantly, the RF wavelength in the body, which is
inversely proportional to the frequency and the square root of the
dielectric constant, becomes comparable to or smaller in size than
the anatomical dimensions, which leads to signal voids and
brightening [19]. While destructive interference leads to darkening
of the image, constructive interference may lead to local bright-
ening of the image (Fig. 4). Therefore, at ultra-high field MR im-
aging a strong contribution of the induced conductive and
dielectric currents to RF-induced signal variations across the sub-
ject are highly visible. Compared to more conventional 3T MR
systems, achievable Bf (transmit) fields are also limited by less
powerful RF power amplifiers (2 x 15 kW at 3T, compared to
2 x 4 kW or a few installations of 16 x 1 kW at 7T) and inherently
higher cable losses leading to increased signal attenuation. This
results in a situation in which RF-power-demanding sequences,

Fig. 4. MR image of the human brain acquired at 7 Tesla. Circles represent regions in
the image in which destructive interference of the MR signal occurs. Images were
acquired by means of a 7 Tesla MR scanner (Siemens Magnetom, Erlangen) using a
turbo echo spin echo sequence.

such as spin echo applied to large cross-sections, face challenges
with respect to sufficiently available B{ and imaging speed due to
increased RF-heating concerns.

The ultimate goal in increasing the main magnetic field strength
is to achieve molecular-level high resolution to understand the
brain structure and metabolism in greater detail than presently
available. Currently, the sensitivity of available RF coils is limited for
microscopic imaging without administration of a contrast agent to
the subject. Molecular level imaging is possible only with the
application of specialized molecular sensors. For example,
combining dopamine imaging with functional MRI (fMRI) tech-
niques allows for a better understanding of how dopamine levels
influence neural circuitry [20].

RF coils at ultra-high field MR

The quadrature birdcage coil is the “workhorse” transmit coil at
lower field strengths. Various versions of volume quadrature coils
have been adapted for use in ultra-high field head and abdomen
imaging of human subjects. For head imaging, despite the fact that
a 7 T birdcage coil can still achieve reasonable B{ levels, signal
homogeneity is an issue due to image brightening in the center of

Fig. 3. Schematic of (left) a volume coil consisting of eight rectangular loops encircling the human head, and (right) surface coils consisting of two circular loop coils placed just
behind the occipital lobe of the human brain. These schematics were modeled and voxelized by means of the Sim4Life simulation package (ZMT, Zurich, Switzerland). Interested

readers may wish to consult https://www.zurichmedtech.com/sim4life.
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the field of view. Moreover, for abdomen imaging, a 7T volume coil
shows limited RF penetration and elevated RF heating in the sub-
ject's head, a region outside the RF coil [21]. Recently, Orzada et al.
[22] presented a whole-body 32-channel microstrip array, but they
were confronted with the issue of limited RF penetration into the
body even when maximizing RF power input by placing the RF
power amplifiers next to the magnet. This is still preliminary,
ongoing hardware development.

Understanding the coil/subject interaction is crucial for
obtaining a homogeneous image. The subject, with its various air-,
fluid- and tissue-filled cavities, presents a heterogeneous dielectric
load, which leads to refraction and reflection of the field compo-
nents at the tissue boundaries, resulting in strong field in-
terferences. Therefore, the field yielded in the subject by an RF coil
strongly depends on the exact distribution of dielectric properties
in the subject. Furthermore, wave propagation effects destroy the
ideal current distribution yielding inefficient transmit distribution
on the RF coil around the subject, especially in conjunction with
variable loading situations. One solution to this challenge may be
the use of parallel-transmit methods. Multiple individual RF
transmit coil array elements can be independently driven with
various RF signal phases and amplitudes [23]. The RF field can be
homogenized within the region of interest by shifting and manip-
ulating signal void regions within the subject [24,25]. Moreover,
user-defined shaped excitation for zoomed imaging is also used in
functional MRI (fMRI). Imaging a specific region with a reduced FOV
enables faster imaging with reduced sensitivity to motion.

Safety assessment at ultra-high field

A major challenge at ultra-high field imaging is the potential for
tissue heating. RF pulses from the coil create time-varying mag-
netic-field induced electric fields in the subject according to Max-
well's equations. In other words, the electric field induces currents
in the subject, which, in the case of conductive tissues, leads to
tissue heating. Also, direct electric fields from the RF coil, especially
around lumped elements, may also lead to tissue heating. The
specific absorption rate (SAR) is a measure of the rate at which
energy is absorbed by the human body when exposed to an elec-
tromagnetic field. It is defined as the power absorbed per mass of
tissue and has units of watts per kilogram (W/kg). SAR limits are
defined by the International Electrotechnical Commision (IEC)
standard [26].

The local SAR level cannot be measured directly; instead, it is
calculated based on electromagnetic field numerical simulations

using discrete human body models. Maximum local SAR levels tend
to be higher in heterogeneous human models with tissues such as
muscle and fat than in homogeneous models for a given magnetic
field strength (by a factor of 2 or 3) [27,28]. For the volume coils and
body surface arrays, the local SAR depends on large anatomical
features such as height, weight, shoulder length, formation of
current loops, the subject's position relative to the coil and the
subject's posture (e.g. supine, prone, lateral). For rather small local
surface coils, on the other hand, subject geometry and posture can
be discarded because these coils are only sensitive to the area just
under the conductors. It has been shown that simplified body
models with three tissue types leads to similar local SAR levels as in
the fully segmented body model with many tissue varieties [29,30].
Virtual observation points (VOPs) allow a compression of the
domain, selecting only points with maximum SAR [31]. VOP models
include many discrete human body models with different posi-
tioning for a specific coil. In a single VOP set, various body sizes and
positions with respect to the RF coil are combined and local SAR
matrices are determined in this data set by applying a lossy
compression algorithm with a specific SAR overestimation [32].

The validation of simulation results is crucial. The preferred
choice is to compare quantitatively calculated and experimentally
measured B maps to those obtained for a homogeneous phantom.
Furthermore, validation procedures may include a second com-
parison, for example, temperature mapping or direct measure-
ments of the RF field with field probes. Especially in the simulation
of RF coil arrays, coupling is an aspect difficult to include reliably
and the simulated EM fields may differ from the experimental re-
sults. Therefore, use of co-simulation [33] may improve the
computational burden. When using multiple transmit channels,
increased degrees of freedom in the electric field distribution lead
to a complex SAR estimation [34]. Therefore, it is wise to calculate
the worst-case local SAR for a transmit coil array to keep the scan
parameters within the safety limits [35,36].

In addition to limits on local SAR, the IEC has issued limits on
permissible MRI-induced temperature increases in human subjects.
Since increased tissue temperature correlates with tissue damage, a
better understanding of the relationship between temperature and
SAR is desired. The relationship between SAR and temperature
increase, however, is complicated [37,38]. Temperature increase is
greatly affected by tissue-dependent perfusion values. In body
areas with high perfusion, a minimal temperature increase can be
expected in spite of its high SAR level, while in areas of lower
perfusion, temperature may increase even with relatively low SAR
levels [39]. Thermal conduction and heat loss to the environment

Fig. 5. Electromagnetic simulation model including the RF shield of the head-only gradient (gray), volume head RF coil (colored rectangles), Duke model from Virtual Population,
IT'IS Foundation, Zurich, Switzerland; (left) top view and (right) lateral view. Interested readers may wish to consult https://www.itis.ethz.ch/virtual-population/.
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Fig. 6. (a) Measured and (b) simulated Bi maps, and (c) simulated local SAR map for the human head (Duke from Virtual Population, IT'IS Foundation, Zurich, Switzerland) with the
7 T volume head coil (Nova Medical, Wilmington, MA). The Bi map was acquired with a 7 Tesla MR scanner (Siemens Magnetom, Erlangen) and processed using Matlab software

(Matworks Inc, Natick, MA).

also contribute to the dissimilarity between SAR and temperature
distributions. Another thermal model using Cumulative Equivalent
Minutes at 43 °C (CEM43) is proposed to estimate the tissue tol-
erances to the temperature rises in different durations and the
suggested CEM43 threshold is sixteen minutes for skin, muscle, fat
and bone heated during MR imaging [40].

Electromagnetic field (EM) simulations

Using Maxwell's equations, one can computationally model the
electromagnetic interactions of an RF coil with its environment. An
EM simulation starts with defining the model. A three-dimensional
model of the magnet bore, subject (e.g. a human body [41] or a
phantom) and RF coil can be created in a Computer-Aided Design
(CAD) modeling environment (Fig. 5). First, a subject, whose
dielectric properties determine the load on the RF coil, is chosen.
Second, an RF coil, including an excitation port (typically a voltage
source) and lumped elements (capacitors and inductors) is
designed. The conductors of an RF coil are generally simulated as a
Perfect Electric Conductor (PEC). Next, the whole model is dis-
cretized using mesh cells. The EM field across each mesh cell is then
calculated. Numerical solvers using the Finite-difference Time-
domain (FDTD) technique or the FEM/FIM (Finite Element/Inte-
gration Method) techniques give a direct solution to the Maxwell
time-dependent curl equations [42]. Among these techniques, the
FDTD method is essentially based on replacing the spatial and time-
domain derivatives of Maxwell's equations with finite difference
approximations [43]. Electric and magnetic field vector compo-
nents are calculated on each Cartesian Yee cell. To create an FDTD
model for MRI, an anatomically detailed human model (for the coil
load) is needed as well as a coil grid [44]. The number of human
body models available representing a realistic patient population is
quite limited. A discrepancy between the SAR distribution in a
patient and the simulated SAR results may appear when the patient
anatomy differs significantly from that of the generic human model
used to calculate the SAR. Furthermore, the validation of the
simulation results is crucial, particularly in the simulation of RF coil
arrays, because as, noted earlier, coupling is a difficult aspect to
include reliably in simulations, and the simulated EM fields may
differ from the experimental results. However, using subject-
specific models [45,46] may improve the reliability of the
simulations.

Bf map (RF field mapping)

To determine the excitation field pattern, B{ field mapping
techniques are employed. This technique measures the effective flip
angle in the region of interest for a certain pulse length. To measure
the RF field map accurately, the image should be free of artifacts

due to By inhomogeneity, incomplete longitudinal relaxation, slice
(or slab) profiles, and cover a wide dynamic range of flip angles in
the image without exceeding the SAR limits or having a long scan
time [47]. Due to the existence of strong B{ inhomogeneities, a Bf
mapping sequence with high dynamic range is an absolute
requirement for ultra-high field MR. Unfortunately, a comparison of
the ratio of signal intensities with incremented flip angles [48] or
sequence timing [49] shows that there is a limited dynamic range in
the region of interest, especially in deep tissue regions.

To map the RF-field distribution covering the depth region of a
subject with an acceptable dynamic range, Bf mapping techniques
can be used. One such method consists of acquiring magnitude
gradient echo images with several different flip angles and then
determining the flip angles by fitting the signal intensity [50]. This
method, however, is time consuming, SAR intensive and the
relaxation time T1 must be known beforehand. Hence, it is best
suited for a homogeneous phantom. Another method is Bloch-
Siegert Bf mapping [51]. In this method, the Bloch-Siegert fre-
quency shift is acquired as a phase image in the presence of off-
resonance pulses. This phase shift is proportional to the square of
the B{ value. This method enables the correct determination of the
B{ value within a large dynamic range in a short time well below
the SAR limits. Conversely, SA2RAGE (Saturation prepared with 2
Rapid Gradient Echoes) has been used to acquire the 3D Bf map of a
human brain accurately in under a minute with low SAR and low T1
dependence [52]. DREAM (Dual Refocusing Echo Acquisition
Method) is a recent method using magnetization-prepared FID and
stimulated echo acquisition [53]. Because it is relaxation-free, it
takes less than a minute to acquire two-dimensional B{ maps with
short repetition times or in three-dimensions (3DREAM) [54,55].

The validity of the SAR simulations can be verified with Bf
measurement. If the simulated and measured B{ maps are com-
parable, the simulated SAR map is shown. An increase in the local
SAR value occurs mainly with cerebrospinal fluid (CSF), skin and
white matter for the 7 T head volume coil (Fig. 6¢). Depending on
the geometry and the excitation pattern of the RF coil, the
maximum local SAR may either be located just under the RF coil
conductors for the surface coils [56] or at the center of the brain for
the volume coils (Fig. 6¢).

Summary

Ultra-high field MR (>7 T) is advantageous for high resolution
anatomic and functional imaging of the human body. However,
ultra-high field strengths pose challenges of amplified signal in-
homogeneities and increased heat deposition in tissues. Various RF
coil designs have been explored here, including the basic theory of
RF coils and their characterization steps. In addition, electromag-
netic simulations, bench and MR measurements are described in
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detail. A thorough evaluation of the parameters discussed herein
will ensure that RF coils can be designed to obtain the best available
image quality.
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