
1. Introduction
The development of ultra-high field MRI and its increasing availability is 
advantageous to a number of MR research fields [1,2]. One emerging 
topic to benefit substantially from the increased signal-to-noise ratio 
(SNR) offered by ultra-high field systems is the investigation of X-nuclei 
(non-proton nuclei), e.g. oxygen-17 (17O), florine-19 (19F), sodium-23 
(23Na) and phosphorus-31 (31P). X-nuclei research is of great interest as 
X-nuclei can be used to monitor important biochemical processes and 
to gain physiological information from tissues [3–5]. For example, sodium 
is closely involved in the sodium-potassium exchange process across cell 
membranes and can be used to characterise cell metabolism [6,7]. In 
another application, the values of intra and extracellular sodium 
concentration in tissue can provide an indicator of cell viability and 
changes in a number of pathologies [8,9]. Phosphorus accessed by 31P-
MR spectroscopy consists of several metabolites and analysis of these 
can provide valuable insights relating to tissue energetics and 
membrane metabolism [10,11]. Moreover, alterations in these 
metabolites are strongly related to a variety of pathological and 
neurodegenerative conditions [12–14].
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Abstract
With the increasing availability of ultra-high field MRI systems, 
studying non-proton nuclei (X-nuclei), such as 23Na and 31P has 
received great interest. X-nuclei are able to provide insight into 
important cellular processes and energy metabolism in tissues and 
by monitoring these nuclei closely it is possible to establish links to 
pathological conditions and neurodegenerative diseases. In order to 
investigate X-nuclei, a well-designed radiofrequency (RF) system 
with a multi-tuned RF coil is required. However, as the intrinsic 
sensitivity of non-proton nuclei is lower compared to 1H, it is 
important to ensure that the signal-to-noise ratio (SNR) of the X-
nuclei is as high as possible. 

This review aims to give a comprehensive overview of previous 
efforts, with particular focus on the design concept of multi-tuned 
coils, predominantly for brain applications. In order to guide the 
readers, the main body of the review is categorised into two parts: 
state-of-the art according to the single or multiple design structures 
and emerging technologies. A more detailed description is given in 
each subsection relating to the specific design approaches of, 
mostly, double-tuned coils, including using traps, PIN-diodes, 
nested and metamaterial, together with explanations of their 
novelties, optimal solutions and trade-offs.

Due to their intrinsically lower in vivo tissue concentration of X-nuclei and 
a lower MR sensitivity compared to 1H as shown in Table 1, studies using X-
nuclei strive for any gains in SNR. The nuclear Over-hauser effect (NOE) 
is a technique that can be used to boost the SNR of, for example, 13C and 31P 
metabolites, and to increase the spectral fitting accuracy [18–20]. 
Furthermore, as fast scout imaging and static B0 shimming with X-
nuclei are also problematic due to low SNR, the concurrent acquisition 
of 1H imaging is beneficial. To this end, multi-resonant RF coils are likely to 
be employed, but designing a well-per-forming coil resonating at even two 
frequencies is challenging as double tuning the coils always results in 
decreased SNR compared to their counterpart single-tuned coils. Thus, a 
trade-off is usually encountered, resulting in some degree of loss in one 
resonant frequency against smaller losses in the other resonant frequency. 
With this in mind, well-designed double-tuned coils typically need to take 
the following requirements into consideration [21–23]: 1) highest achievable 
SNR and efficiency with no coverage penalty, 2) no geometrical/
mechanical restrictions, 3) minimum coupling between channels and 
nuclei-of-interest, 4) no functionality (e.g. linear and quadrature drive) or 
flexibility (e.g. multi-channel extension) degradation.
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The achievement of maximum sensitivity on both channels of a double-
tuned coil is an ideal goal and, in light of this, various factors need to be 
considered, of which, sensitivity is certainly one of the most essential. In 
practice, achieving optimum sensitivity on both the 1H and X-nucleus 
channels is difficult and always involves trades-offs since the sensitivity of 
each counter-part single-tuned coil should be higher than that of the double-
tuned coil. Moreover, the use of a single-tuned coil specific to the required 
purpose always gives better sensitivity. Since optimising sensitivity can be 
subjective, it is always dependent on its purpose of use and how it is 
compared. Consequently, it is only possible to achieve optimum sensitivity, 
for example, if the meaning of optimisation for the 1H channel is limited to 
standard experiments within a reasonable time, with the X-nucleus channel 
achieving the best possible sensitivity. This can be an example of an 
optimisation step, but to advance the coil, one can also make an assumption 
regarding the technical points by focusing on, for instance, homogeneity or 
multiple frequencies (e.g. more than two). In an effort to achieve the most 
optimal trade-off for the planned applications, a large number of approaches 
have been proposed and demonstrated in recent decades.

This review provides an overview of the key features of previous efforts 
to design multi-tuned RF coils and give an outlook on emerging 
technologies. The main body of the review (state-of-the-arts section) is 
divided into two parts based on the design structures: 1) single-coil 
configuration and 2) multi-coil configuration. Each section comprises the 
novel ideas and techniques used for multi-tuning, which includes a) the 
use of passive elements, b) the use of active switches, c) the use 
of geometrical decoupling achievements, or d) other novel approaches. 
This review mostly focuses on designs for brain applications. However, 
these may also be applicable to other parts of the body. In the sub-

sequent sections, a more detailed description of the specific design 
approaches of the double-tuned coils is given together with explana-
tions of their novelties, optimal solutions and trade-offs. Peer-reviewed, 
published articles were used as the main source of this review paper. 
Conference proceedings and patents were also cited where necessary to 
amend and compete the information presented in peer-reviewed form.

2. State-of-the-art
2.1. Single-structure approach

The coils introduced in this section operate at two or more different 
frequencies within a single physical conductor structure. This is 
achieved by using various techniques. The main advantage of using this 
single-structure configuration is that it guarantees that the same imaging 
region will be scanned, thus enabling a straightforward post-acquisition 
image co-registration. Furthermore, by maintaining isolation among 
different nuclei, this configuration can be easily extended to the multi-
channel array design.

2.1.1. Frequency splitting trap
This is a traditional approach and was popular in the 1980s and 

early 1990s [24–33]. As shown in Fig. 1, the trap circuit, in principle, 
divides one resonance frequency into two: one being lower and the 
other higher. The traps can be designed using a combination of inductor (s) – 
L and capacitor(s) – C, such as LC (L and C are combined in parallel) and 
LCC (C is added in series to the L in the LC trap). By adding these traps 
to each rung or at every loop in the coil, it is possible to generate double- 
or triple-resonance. However, due to a loss as a result of inserting the 
trap components, the quality and SNR of the coil are degraded, the 
extent to which mostly depends on the value of the selected inductor. In 
general, a 25 to 30% loss in SNR is anticipated when it is compared to 
the single-tuned coil, but the degree of loss can be managed by the 
selection of the inductance of the trap as shown in Fig. 1(c) [32]. In other 
words, the quality of the non-proton coil can be improved by sacrificing that 
of the 1H coil.

An advantage of using this design is that there is no need to consider 
interference between the 1H and X-nucleus as the coil resonates at 
two frequencies within one structure. This means that the B1 field of the 
coil is intrinsically decoupled with sufficient isolation between the two 
resonant modes, making it easier to extend a single-channel coil to a 
multi-channel array coil. However, it may be difficult to implement this 
approach for applications with close frequencies, e.g. 1H/19F or 
13C/23Na. Therefore, due to the sensitivity loss, this approach is more

Nucleus Gyromagnetic
ratio (MHz/T)

Larmor
frequency at
7 T (MHz)

Natural
abundance
(%)

Relative
sensitivity to
1H (%)

1H 42.58 298.06 99.985 100
3He 32.43 227.01 0.00014 0.000057
13C 10.72 75.04 1.108 0.0177
17O −5.77 40.39 0.038 0.00011
19F 40.05 280.35 100 83.3
23Na 11.27 78.89 100 9.25
31P 17.25 120.75 100 6.64
35Cl 4.18 29.26 75.53 0.47
39K 1.83 12.81 93.258 0.0475
129Xe 11.78 82.46 26.44 0.57

Figure 1. An example of using a frequency splitting trap. The figure shows a simplified loop structure including the trap (a) and its response (b) measured on a networkanalyser (S21) using a double pick-up probe. Fig. 
(b) shows two resonance peaks tuned to the desired resonance frequencies. In this example, 300 MHz for 1H and 120.5 MHz for 31P at 7 T are shown. The graph (c) shows the effect on SNR for 1H and 31P as a result 
of the chosen trap inductance at 1.5 T. This figure has been redrawn based on the reference [27] with the copyright permission granted through RightsLink®.

Table 1
MR properties of most commonly used, MR-interesting nuclei in biological 
tissue [5,15–17].
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likely to be used for designing double-tuned, transmit-only coils to be 
used in combination with a single-tuned, multi-channel, receive-only 
array [33] where the SNR of transmit-only coil is less critical compared to 
the receive coil, and the loss in transmit coil efficiency can somehow be 
compensated by the high-power RF amplifiers.

2.1.2. Frequency blocking trap for single-structure
Instead of separating the resonance frequency in two, the traps can 

also be used to block unwanted frequencies in a single-structure 
[34–39]. The blocking efficiency, accompanied by insertion loss, is a key 
factor to be considered when evaluating the quality of this idea. Applying 
this concept at high-field has become popular, along with deployment 
of radiating antennas. At the field strengths of ~3T or lower, employing 
these band-stop traps are more frequently used to the multi-structure coils 
and the setting-up of two frequencies is readily carried out since both 
can be controlled independently. Further details relating to the use of 
blocking traps in a multi-structure will be described in Section 2.2.3.

The trap circuits can be alternatively placed (Fig. 2b) in each lower 
frequency line of transverse electromagnetic (TEM)-style [37,38] coils to

 prevent 1H current flowing through that route. This concept can also 
be employed to the construction of whole-volume birdcages coils 
[35,36] or surface [34] coils, but in the case of the birdcage designs, the 
traps are attached to every rung; a lower (higher) frequency trap to 
the higher (lower) frequency rung. These approaches, however, 
degrade sensitivity and require the number of the rungs to be doubled 
in order to maintain B1 homogeneity, which can be improved 
using the approach discussed in Section 2.1.5. (See Fig. 5.)

Likewise, the traps can also be used in the single-structure of a di-
pole antenna (Fig. 2c). The resonance frequency of the dipole antenna is 
known to be determined by its physical length [40], and, therefore, the 
length of the dipole antenna required for non-proton nuclei is always 
longer than that required for 1H. By inserting the band-stop traps as 
shown in Fig. 2c, 1H current can be trapped while 31P current can 
go through the traps enabling double-resonance in one antenna [39,41]. 
The images at the bottom of Fig. 2c are B1 distribution maps at 7T 
which were simulated using CST Studio Suite (CST AG, Darm-
stadt Germany). This indicates that the antenna is tuned to both 1H and 31P

Figure 2. Examples of double-tuned coil designs using blocking traps to suppress 1H current flow in a part of a single physical conductor structure or of a lumped element circuit. The blocking trap is 
inserted into the simplest loop coil (a) and into an alternating rung resonator of a birdcage or a TEM coil (b). The parallel trap circuits can also be added to each rung to block the other frequency, e.g. 1H tuned 
rung with a 13C blocking trap (not shown). Similarly, the traps can also be included in every element of the dipole antenna array (c). The effect of the trap is obviously seen in the simulated B1 distribution maps in c) 
bottom. The original antenna designed for a 9.4T system [39] was re-simulated at 7T. Due to the 1H blocking traps, the 1H current does not flow further to the outside, while the 31P current passes through the trap.
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quality and power handling of the non-magnetic PIN-diode has been 
improved, resulting in tangible benefits to performance.

As an alternative to PIN-diodes, varactor-diodes [53,54] and micro-
electro-mechanical system (MEMS) [55,56] switches can function in a 
similar way. Moreover, the varactor-diodes are even capable of con-
trolling the capacitance of the tuned circuit by adjusting the applied 
voltage to the diode. In previous works, this has been employed to tune 
and match the coil to the desired condition automatically [53,54]. 
Unlike PIN-diodes and varactor diodes, the MEMS switches are suitable for 
use in applications requiring higher power.

Rather than using the aforementioned switches, while aiming to 
increase capacitance on the coil, Pratt et al. designed a double-tuned 
coil utilising manually-operating mechanical switches [57]. Although the 
quality of the coil depends highly on the robustness of the mechanical 
connection, it provides minimum loss on the coil and all other benefits of 
using double-tuned coils, such as co-registration and shimming.

Recently, the concept of a fluidically tuneable coil has been in-
troduced which uses an amount of fluid containing a high dielectric 
constant to control tuning and matching of an MTL resonator [58]. 
However, these require manual operation to switch the tuning during the 
measurements.

Finally, it should be noted that all double-tuned coils generated by 
means of switches are not suitable for use in, for example, 13C and 31P 
experiments using a 1H-decoupled technique which requires RF irra-
diation of 1H during the measurement.

2.1.4. Four-ring birdcage
The four-ring approach includes two additional end-ring blocks on both 

sides of a conventional birdcage coil structure. Thus, a single physical 
structure that supports one current distribution for the generation of a 
homogeneous RF field is modified to support two modes that can be 
used for spin system excitation and MR signal reception. By doing so, the 
coil can be tuned at two different frequencies, one mainly coming from the 
outer structure and the other from the inner structure [59].

Fig. 4 displays a schematic diagram of a four-ring birdcage coil, the B1 
field patterns generated by each structural block and the coil's 
characteristics as measured by S11. As the inner/outer structure is low-
pass/high-pass, respectively, the lowest resonant frequency is the 
dominant mode for the inner, while the 2nd from the highest frequency, after 
the end-ring mode, is the main mode for the outer structure [60]. Both 
provide a uniform B1 at the predetermined region of interest, including at 
the isocentre of the coil. Several configurations of the four-ring birdcage 
can be used, such as low-pass for both inner and outer, or 
low-pass for inner and high-pass for outer [61]. The inner part tends 
to be set to the more important nucleus in the study (therefore, X rather 
than 1H) and a low-pass configuration is more frequently employed [62].

Figure 3. A simplified loop structure using a non-magnetic PIN-diode switch. In this example, the PIN-diode with an inductor in series is inserted in parallel to one of the tuning capacitors in the loop (a). This circuit 
with the inductor can shift the target resonance frequency upwards when a forward current is applied. A capacitor, instead of the inductor, can also be used to shift the frequency downward. The screen-
captured figures b) and c) demonstrate the coil's response measured on a network analyser (S21) using a double pick-up probe. Both display the resonance peak tuned by switching the PIN-diode 
to each desired resonance frequency: 300 MHz for 1H and 120.5 MHz for 31P at 7T.

and clearly shows the effect of the traps, i.e.1H current is isolated be-
tween the two traps, while 31P current flows through the traps.

2.1.3. PIN-diode or active components
In MRI setups, PIN-diodes function as an electrically controlled 

switch for the RF and are commonly used to control active detuning 
units in separate transmit and receive (T/R) coils and T/R switches 
[42,43]. They are also used to switch a range of resonance frequencies for 
double, triple or more resonances [44]. Most MRI scanners are 
equipped with PIN-diode drivers so that the required DC bias can be 
sufficiently supplied. A PIN-diode works as a conductor, with the pre-
sence of a small resistance when forward biased and a high resistance 
when reverse biased. Due to the resistance of the PIN-diode, as well as 
the generation of noise within the diode (e.g. shot, flicker and Johnson)[45], 
the sensitivity of a PIN-diode controlled RF coil is diminished, especially, 
when forward bias is applied. According to Choi et al. [46] and Lim et al. 
[47] reported SNR losses of approximately 35% in one nucleus when 
using PIN-diode switches (tuned on) compared to the single-tuned 
reference coil. Conversely, when it is operating with a reverse voltage, 
loss because of PIN-diode insertion can be negligible but the degree of 
power applied is limited because of the reverse breakdown voltage of 
PIN-diodes [48], resulting in, for example, maladjustment of the transmit 
power calibration and flip angle.

A number of double-tuned coils using PIN-diodes have been de-
monstrated and work by shifting the tuning of the circuit to the lower 
frequency using capacitors [44, 47, 49–51] and to the higher frequency 
using inductors as shown in (Fig. 3) [46, 52]. Since the Larmor fre-
quencies of the non-proton nuclei mostly used in MR are always lower 
than 1H, capacitors are more likely to be added in series with the PIN-
diodes and act to switch the tuning to the non-proton frequencies. 
However, this is problematic because the sensitivity of the X-nuclei is 
already much lower (shown in Table 1) compared to 1H sensitivity and 
additional losses are not desirable. Therefore, the latter switching ap-
proach (using inductors) is preferable, assuming that the PIN-diodes 
can hold the power.

Building double-tuned coils using PIN-diodes is also particularly 
useful for applications with nuclei whose resonant frequencies are 
close, e.g. 1H and 19F or among 13C, 23Na and 129Xe, meaning that the 
use of traps is not practicable due to the finite Q of the trap circuit. It is also 
beneficial for the multi-channel Rx-only array extension. However, as this 
requires a multiple DC bias lines, organisation of the bias lines, e.g. using 
a cable bundle and sharing a common ground point is necessary in 
order to avoid creating ground loops, feeding unwanted noise and coupling 
to the RF elements. By adding more PIN-diode switching units, 
the extension to more frequencies is feasible, although the trade-off 
here is a degradation in the coil quality. However, in recent years, the 
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Four-ring birdcage coils are generally employed as volume coils. An 
advantage of using a four-ring design is that it does not contain 
additional lossy components, therefore, it maintains its efficiency an d 
sensitivity at both frequencies with less than 5% loss at 1.5T 
[59]. Moreover, it has been reported that, compared to the 
performance of alternating rung birdcages containing traps, the four-
ring birdcage coil is preferred as it offers a  higher S NR [ 63, 64]. 
However, this comes at the expense of requiring an optimised inner and 
outer rung length ratio [59], which normally causes a substantial 
increase in overall coil length. The requirement of additional length 
for the outer end-rings restricts the accessible space, which can be 
problematic in applications using smaller coils i.e. in vivo brain studies 
but would be workable in whole-body uses [65]. In order to avoid the 
problem of an impractically long coil length, shortened and folded 
four-ring designs [66–69] have been introduced. There are several 
modifications of the four-ring birdcage coil using different o verall c 
oil s tructures,  such as an Al-derman-Grant coil [70], a split birdcage 
[71], or a helmet-style coil [72].

2.1.5. Different wavelengths or resonant modes without 
decoupling units

The coils introduced in this subsection are based on the principle 
that a single antenna can generate several RF wavelengths and 
resonant modes.

 A quadrature birdcage coil is one of the most widely 
used coils, and the simplest approach for double tuning a 
volume coil is to rearrange a quadrature mode of the birdcage coil 
into two separate linear modes by tuning each linear mode to each 
target frequency, as shown in Figure 5 a. This is particularly 
useful in close frequency applications as the capacitor values 
required to tune the double-tuned coil are not significantly 
different between the two modes [73, 74]. The design 
offered by Waiczies et al employs this knowledge [75] and 
instead of using physical lumped capacitors, they chose to build 
the capacitances using the area of overlap in between the 
copper strips; all rungs have the over-lapping area distributed 
uniformly but for the feeding rungs either of 1H or 19F, the 
overlapped regions are adjusted depending on the desired 
frequency. This is advantageous for coils requiring very low 
capacitance for use, for example, at ultra-high field. For close 
frequency applications, a dipole antenna array using its 
fundamental property of broad-band tuning was also introduced 
and has been found to be particularly practicable at ultra-high field 
[76].

Figure 4. An eight-rung, four-ring birdcage, double-tuned coil. In this example, the low-pass configuration is used for inner structure, tuned to the 31P frequency (168 MHz) at 9.4T, and the high-pass is 
used for the outer structure, tuned to 23Na (105.8 MHz). This configuration of a type of birdcage coil can be varied, e.g. low-pass/low-pass, high-pass/high-pass, low-pass/high-pass, and so on. The B1 field 
distributions (a) to the corresponding structures are shown, and the responses of the four-ring birdcage (b and c) are displayed. These were measured on the bench using S11. a) is redrawn based on the 
reference [59] with the copyright permission granted through RightsLink®.
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A surface-mode and butterfly-mode, also known as a common-mode 
and differential-mode (CMDM), approach for volume [77] and surface [78–
80] coils was introduced as a new double-tuned coil design. This design 
possesses two independent modes with different current paths in a single 
structure, thus allowing the coil to be operated at two different frequencies 
with intrinsically decoupled B1 magnetic fields. For example, in Figure 
5b), the current in the two inner loops flows following a figure-of-
eight (FO8) coil pattern; generating at ransverse B1 field (in this case, 
the common mode), whereas the large outer circle forms as a single loop 
coil, providing a vertical B1 field for the differential mode. The selection of 
these modes is dependent on where the feeding point is. 
However, an extension of this design to the volumetric or multi-
channel array may be limited in this formation.

Although the methods introduced above do not require any extra 
lossy electrical components to be inserted on the probe structure, they 
only allow linear driving. The option of discarding the quadrature drive results 
for both nuclei in a 41% loss of SNR (theoretically but in practice much less), 
a reduction in RF transmit power efficiency an d th e degradation of B1 
homogeneity [81,82] compared to the quadrature driven coil.

An attempt to use one single low-pass birdcage coil to tune the 31P 
resonance using the homogeneous mode and the 1H resonance using 
one of the unused higher modes is described in [83]. In general, the 
low-pass birdcage coil generates several resonant modes (half of the 
number of rungs) and among those modes, the lowest mode produces 
an MR-imageable uniform B1. This produces high-quality 31P spectra, as it 
can be as a single-tuned coil, but the quality of 1H imaging was 
significantly degraded and was only useful for shimming.

This problem can also be overcome by using an alternatingly tuned TEM 
coil [84,85] as well as a combination of λ/2 and λ/4 wavelength microstrip 
resonators, as shown in Figure 5c) [86]. By using the advantage of MTL, the 
wavelength of the resonator can be reconfigured using an identical physical 
length, that is to say, λ/4 resonators with the same physical length of λ/2 
microstrip resonators can operate at a sig-nificantly lower frequency, which is 
very suitable for tuning to X-nuclei. Consequently, this volume coil is certainly 
capable of driving the coil in quadrature for both proton and non-proton 
channels.

Similarly, in a preliminary study, Svejda et al have demonstrated results 
from double-tuned coils designed based on a novel multi-cell composite 
right-/left-handed (CRLH) metamaterial transmission line method. It was 
shown that this design could intrinsically generate congeneric current 
distributions at two frequencies [87–89] from an ordinary right-handed mode 
(parallel phase) and antiparallel left-handed mode. The resonance behaviour 
for both frequencies was identical and it was possible to configure the current 
distribution by altering the termination of the transmission line. In order to 
achieve a λ/2 distribution, for example, the end of the line must be either 
short or open. The open end provides a maximum current distribution in the 
middle of the double-tuned antenna, whereas the short configuration gives 
current distribution at both ends. Further details of how these particular 
resonators are built using various types of metamaterials will be given in 
Section 3.4.

2.2. Multi-structure approach
The coils introduced in this section operate at two or more different 

frequencies based on two or more separate physical coil structures 
which are mostly arranged in a geometric fashion so that inductive 
coupling between the structures can be minimised by using various 
techniques. The main advantages of the multiple structure configura-tion 
are 1) an independence of frequency adjustment for the target nuclei is 
possible and 2) an improvement in SNR – as extra components that 
give rise to additional losses are not employed. However, it is rather 
difficult to extend this multi-structure, single-channel coil configuration to 
a multi-channel array design.

2.2.1. Geometrically decoupled design approach
As shown in Fig. 6, when designing a multi-structure double-tuned coil, 

one's first instinct may be to simply think about using a geometric 
decoupling configuration by combining two linearly driven single-tuned 
coils in an orthogonal direction to each other [90,91], or by overlaying 
intrinsically different B1 field propagation, such as either transverse or 
vertical (perpendicular to the transverse field) B1 direction [92–102]. 
Thus, the 1H can be tuned to one frequency and the X-nucleus to the 
other. This configuration provides roughly the same sensitive volume and

Figure 5. A simplified cross-sectional view of the quadrature birdcage coil in which each linear mode is used to tune to the 1H and 19F frequencies, respectively (a). Due to the way of feeding, the generation of two 
differential mode and common mode currents is seen (b. top). These provide two intrinsically isolated B1 fields (b. bottom) so that independent frequency adjustments are allowed. c) is a schematic 
representation of how the tunings of MTL tuning can be adjusted in different wavelengths, which can eventually be tuned to each nucleus. b) is a reuse of the reference [80] and c) is captured from the 
reference [86] with the copyright permission granted through RightsLink®.
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 the freedom to control both frequencies in-dependently. It also 
has the advantage of not requiring additional lossy elements. However, 
unless it is extended to a volume array, it does not offer a quadrature 
drive, potentially causing degradation in SNR in both the 1H and the X-
nuclei channels. This is because, despite B1 field propagations 
being geometrically isolated from each other, coupling has to be taken 
into an account and controlled for.

In a surface coil design, the preferred configuration for use at lower field 
strengths is a single loop (vertical B1) with an FO8 or butterfly coil 
(transverse B1), whereas a single loop with an MTL monopole or dipole 
antenna is preferred at higher field strengths. These coil arrangements 
can be extended to a volumetric transceiver multi-channel array for 
achieving a homogeneous B1 field and whole volume coverage or can be 
used for transmit-only purposes when accompanied with a multi-channel 
single-tuned (to X-nucleus) receive-only array in order to afford the best 
possible SNR for X-nuclei [92,103].

In addition, other configurations to improve the performance of the 
above double-tuned designs have been reported. Choi et al developed a 
quadrature-enhanced coil focusing more on the X-nuclei to improve its 
quality [97, 98]. Here a mix of loop and butterfly coils were used. By 
inserting traps or PIN-diodes in the loop, the loop coil was able to re-
sonate at two different frequencies, driving the X-nuclei frequency in 
quadrature and the 1H frequency in linear. Rather than using decou-
pling components, Thapa used an additional large loop for 1H and used a 
quadrature loop/butterfly coil to achieve the same ends [104].

Another configuration of a surface or a half-volume coil design 
originally shown by Adriany and Gruetter [105], has been used by 
several groups [106–108]. This design consists of three loops, in which two 
large loops create a quadrature mode, normally used for the 1H signal, 
and one small loop for the non-proton signal, is placed in the region 
where the coupling to the quadrature mode is at a minimum. In this setup, 
the placement of the small X-nuclei loop and the bending pattern of the 
quadrature large loops is important as both Schaller et al and Li et al have 
reported that they needed to insert decoupling units (traps) to prevent the 
coupling between the two frequencies [106,108].

An alternative approach to achieving double resonance using a 
geometrically decoupled design is to tune two separate coils allocated in 
the two different spaces to each desired frequency. In the case of the 1H 
signal, a patch antenna operating as a travelling wave resonator [109] 
positioned just inside the magnet bore (away from the subject) can be 
used and for the X-nuclei, a single-tuned coil [110] or a single-tuned 
dialectic resonator [111] can be utilised. This approach is attractive if 
the focus of the study is mainly on X-nuclei, as any types of existing 
single-tuned coils can be used for the X-nuclei without any loss other than 
the quality of the 1H signal, which may just be sufficient enough for 

scouting and B0 shimming. Swapping multiple, identical, single-tuned 
coils between measurements has also been proposed [112, 
113]. The benefit of this configuration is that it allows free extension 
of the choice of nucleus to any nuclei, not only one but to many more 
without losing any SNR penalty for any selected nuclei since each coil is 
a single-tuned coil. However, the disadvantage of this system is that it 
requires the coils to be swapped completely between measurements.

2.2.2. Transformer-coupled, nested arrangement
Since the Fitzsimmons's development of placing a smaller birdcage 

coil inside a larger one, as shown in Fig. 7a, a transformer-coupled, 
double-tuned design has been subsequently realised [114–118]. Based on 
this concept, designs using nested coils have been introduced and 
modified in various shapes and coil combinations [119–125]. This 
nested configuration is of particular interest as it has the advantage of not 
requiring additional lossy elements, thus, in principle, improving the SNR 
in at least the X-nuclei channel.

In this structure, handling the coupling of the two coil systems is a 
major mission that impacts significantly on the quality of the 1H signal. It is 
possible to govern this coupling by amending the distance or ar-
rangement of not only between the two coils but also between each 
channel within one coil, thereby avoiding performance degradation. 
However, the ability to control the coupling by adjusting the distance 
between the inner and outer coil may be restricted by the size of the 
subject and the limited space available inside the magnet bore. To ad-
dress this, Galante et al have tried to optimise the degree of the rotating 
angle of one birdcage coil against the other birdcage coil, where both were 
aligned concentrically, to minimise the coupling between two coils [126].

Nested volume coil arrangements, as developed by Brown et al, have 
positioned both coils in the same plane with half volume shift for 
minimised coupling, as shown in Fig. 7b [120]. In terms of managing the 
coupling between next nearest neighbouring elements, Lakshmanan et al 
proposed a triangle-shaped, nested coil array, which was found to improve 
decoupling among channels for multi-channel array designs. This 
approach was, in particular, useful for adjusting the coupling between 
next-nearest neighbour elements since the 1st and 3rd coils are placed 
close enough to use, for example, a transformer decoupling scheme[127].

Similarly, the combined TEM/birdcage hybrid volume coil designed to 
achieve double-tuning has been shown to generate uniform B1 for human 
brain imaging [128–131]. This configuration is of particular interested since 
the birdcage is known to be the most used volume coil at medium and lower 
field strengths (≤ 3T), while TEM is more often used at higher field strengths 
(> 3T). Thus, the 1H and X-nucleus frequencies can easily be generated by 
the TEM coil and by the birdcage coil, respectively. 

Figure 6. Various geometrical isolated double-tuned coil arrangements. A 
simple loop structure (vertical B1 field generating coil) and an FO8 coil 
(transverse B1 field generating coil) are overlaid in the best lo-cation to 
achieve the minimum coupling (a). Each linear coil can be tuned and 
matched independently from the other coil. The loop coil can be replaced by 
any other type of coil or antenna generating the vertical B1 field, e.g. 
solenoid and circular dipole antenna, and the FO8 coil can be replaced by 
other vertical B1 field generating probes, e.g. MTL, quadrature loop array, 
monopole and dipole antenna.
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In comparison with the double-tuned design that only uses a TEM 
structure, which struggles in decreased mode splitting at the 1H 
frequency, this hybrid arrangement has shown a benefit in sub-
stantially widened dominant mode separation [130]. However, in terms of 
coupling between 1H and X frequencies, this design might need so-
phisticated isolation management as one design by Saha [129] required 
blocking traps (which is not ideal) between the birdcage and TEM coils, 
although this was not reported by others [128,130,131].

2.2.3. Frequency blocking trap for multi-structure
As described in the previous Section 2.2, inserting traps to isolate the 

frequency of one nucleus is a frequently used method to enable a coil to 
simultaneously operate at more than one resonance frequency. These 
traps are typically inserted at a lower frequency to block the 
interference with the high frequency. However, the blocking efficiency is 
important and some degree of sensitivity reduction in the non-proton 
channel is unavoidable due to the insertion of traps.

Compared to using the traps in a single structure, the insertion of an LC 
or LCC trapped second nuclei coil into existing 1H coils is rather 
popular in the surface coil designs shown in Fig. 8. This has the benefit 
that, providing that the traps are well optimised, a performance of

approximately 90% of their single-tuned, geometrically identical re-
ference coils can be maintained at both frequencies [132–136]. Alecci et 
al [136] built a coil using a conventional LC trap and reported there was an 
approximately 25% loss in sensitivity for both nuclei, which is higher than 
that reported by Dabirzadeh et al [132]. Optimising the values of the 
capacitors and inductors is, therefore, a key factor in the minimisation of 
sensitivity loss. An LCC trap circuit, configured by adding an additional 
capacitor in series to the inductor in the conventional LC trap, has been 
also used. This has also been shown to be useful in cases, where the 
classic LC circuit generally employed for RF coil decoupling could not be 
used since the required inductance is extremely small to construct, for 
example, in some ultra-high field and small an-imal coil developments. By 
using the additional capacitor, the choice of the combination of the 
component values can be widened further and the required components 
can be readjusted within a reasonable range [137].

Instead of inserting trap circuits, Brizi et al recently designed a 
double-tuned, 1H/23Na coil operating at 7T using tiny spiral resonators 
(SRs). These were positioned between the inner sodium and outer 
1H loops but were not physically connected to either the sodium loop 
or the 1H loop, thereby minimising any loss due to the insertion 
of decoupling units. The effectiveness of decoupling between the two nuclei

Figure 7. A simplified view of an original transformer coupled double-tuned coil (a) in which two different sized birdcage coils are positioned one inside the other. The one inside possessing superior filling factor is 
usually tuned to the non-proton frequency. A nested double-tuned coil array (b) is also shown. Two structures containing 1H and 31P elements are overlaid in the same plane. The Fig. 7 b) is captured 
from the reference [120] with the copyright permission granted through RightsLink®.

Figure 8. A double-tuned coil using a frequency blocking trap on a multi-structure. A schematic diagram of a pair of concentric loops is shown (a). The inner loop containing the 1H 
blocking trap is resonated at the 31P frequency and the outer loop at the 1H frequency. As an example, the S21 response (b) of the inner loop was measured using a network analyser. Here, the 
coil was tuned to 120.5 MHz (31P frequency at 7T) while simultaneously blocking 300 MHz (1H at 7T).
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shown in Fig. 9b and c. Despite these clear advantages, using such a 
metamaterial is a relatively new approach and there are a number of 
different structures and arrangements to be investigated interms of 
designing a double- or multi-tuned coil.

3. Outlook and emerging technologies
3.1. Low loss triple- or multiple-tuned coils

By using the techniques reviewed above, it is possible to design coils 
with the capacity to be tuned at multiple frequencies. However, the 
question here is, to what extent the quality of the multi-tuned coil can be 
maintained compared to that of the single-tuned coil as gains in SNR in 
one frequency are often made to the detriment of another. Even 
though the exact specifications of the coil design are highly dependent on 
its actual application and use, the aforementioned literature shows that 
the use of geometrical decoupling is favoured over the use of the addition 
of lossy components for double-tuning and enables highly efficient and 
optimised decoupling circuits. In terms of future developments, it is 
possible that radiating antennas could be useful for 1H imaging at ultra-
high field and further investigation of these may be of interest.

3.2. Double-tuned coils optimised for both 1H and X-nucleus
The 1H signal is not only useful for scout imaging and shimming, but can 

also be used for functional, high-resolution and multi-parametric imaging. 
Thus, ignoring the quality of the 1H elements is not ideal. There has 
been an attempt to build a double-tuned, multi-channel receive-only array 
coil [33]. However, the coil used a conventional LC split traps could be 
further improved by using some of the methods introduced in this review.

3.3. Specific absorption rate and temperature monitoring
Within the reference pool accessed for this review paper, only a 

limited number of articles showing the specific absorption rate (SAR) 
comparisons between single- and double-tuned coils were available 
[e.g. 39, 73, 123, 143, 159] and any papers describing, for example, the 
temperature rise related effect where the lumped elements are located, 
were not found. In terms of overall SAR performance, it was also re-
ported that the severe SAR penalty for most of the designs was not 
obviously presented in the double-tuned coil in comparison to the 
single-tuned coil. However, X-nuclei studies are more likely to be carried 
out at ultra-high field, so investigating SAR or carrying out thermometry 
experiments of newly designed double-tuned coils is highly recommended.

3.4. Parallel transmit technique
Parallel transmit (pTx) has become a popular technique for ultra-high 

field human 1H imaging. The fundamental purpose of pTx is to compensate 
for the problems derived due to the shortened RF wave-length in the tissue 
at higher field strength (≥ 7T). Similar to 1H, X-nuclei Tx coils, particularly, for 
19F imaging would also benefit from the application of the pTx technique 
since both Larmor frequencies are close each other (e.g. 
282 MHz for 19F and 300 MHz for 1H at 7T). However, utilising pTx 
with the other X-nuclei may not be advantageous for head applications 
at 7T or 9.4T. Evidence to support this comes from the fact that most 
MR scanners up to 3T are equipped with a 1H body coil, which generates a 
uniform excitation, and the Larmor frequency of these X-nuclei is similar 
to or much lower than that of the 1H at 3T (~ 127 MHz). However, beyond 
9.4 T pTx may be needed for 31P studies and would also play an important 
role in offering a uniform B1 to other X-nuclei investigations. Alternatively, 
the pTx technique would also allow us to be able to minimise SAR, 
as shown in Section 3.3, and enables the control of independent 
Tx channels simultaneously. Consequently, we can potentially (if 
MR console allows or using a multiband technique) apply a multi-
X-frequency excitation and can benefit from employing, for example,

 was evaluated and the usefulness of the approach was shown [138].
A direct extension of this design to a multi-channel array 

design is difficult as th e geometry of th e two loops is different, alt 
hough there have been several volume coils designed using this 
method [139–141]. In general, the coils with these traps are, 
therefore, used as a Tx-only coil for X-nuclei (while a 1H coil works 
for both transmit and receive) in cooperation with a multi-channel 
receive-only array. Although it is not ideal, there is a way of 
compensating the tainted efficiency by increasing the output of the 
high-power amplifiers. Thus, benefits in both SNR improvement 
using a receive-only array and double-tuning capability can be 
expected [142,143].

Moreover, Rao et al inserted both LC split and LC blocking traps 
in one loop to tune both 3He and 129Xe frequencies and to isolate the 
1H frequency at the same time [144]. By combining this with a 1H 
coil (extra structure), they were able to carry out triple-nuclei 
experiments. Building a high-performance, triple-tuned coil is a 
challenging task. Although the exact value of the losses caused by 
adding a number of traps was not reported, it is assumed that it resulted 
in further SNR loss in the triple-tuned coil design [145].

2.2.4. Metamaterial-inspired design
More recently, interest in using metamaterials for MRI has 

increased. Metamaterials are artificial composite periodic struc-
tured materials, which are characterised by the values of effective 
permittivity and permeability, and offer a unique platform for controlling the 
propagation of electromagnetic fields [ 146,147]. The use o f metamaterials 
has proven to be a promising approach in MRI to boost SNR, particu-
larly at ultra-high field where the RF penetration and B1 homogeneity 
are deprived [148–152]. Metamaterials are capable of shaping the 
main B1 field distribution of the deeper level efficiently and can be used to 
enhance SNR and homogeneity in the target regions of interest.

The metamaterial contains one or more conductor paths/
patterns tuned to the appropriate frequencies which can be used to 
achieve single- or double-tuning, or more. Most of the double-
resonant applications using metamaterials are for close 
frequencies, i.e. 1H/19F [153–156]. The double-tuned coil introduced 
by Hurshkainen et al operates at hybridised eigenmodes in two 
mutually orthogonal periodic structures [14]. In this study, depending on 
the opted eigenmodes, the field distribution was independently controlled at 
two close frequencies. One notable advantage of this metamaterial-
inspired feeding loop is that it does not need any physical lumped 
capacitors or inductors for tuning and matching. Furthermore, using a 
similar technique, Ivanov et al demonstrated that the metamaterial-
inspired coil could be tuned for a broad range X-nuclei [157]. Vergara 
Gomez et al used two parallel coupled-wire structure to resonate it at 
the 1H and 19F frequencies. They demonstrated that the SNR of the coil 
was as high as that of the surface coil and that the coverage was not worse 
than that of a large birdcage volume coil [155]. Moreover, Yang et al 
utilised an interdigitated capacitive metasurface to show the capability 
of double-tuning. They positioned this material between the feeding coil 
and the object and evaluated the B1 in comparison to that of the single-
tuned conventional coil. They observed that the metamaterial 
inspired double-tuned coil provided a comparable performance 
for the X-nucleus signal and significant enhancement for the 1H 
signal [156]. Schmidt and Webb proposed a novel dual-band 
metamaterial pad, as shown in Fig. 9a. This design combines an 
electric dipole mode for the X-nuclei (here 31P) frequency and a 
magnetic dipole mode for the 1H frequency [158]. They 
constructed multiple patterns in one plane and acquired data 
from both 1H images and 31P spectra with substantial improvement in 
SNR – a maximum of 1.8 times higher for 31P and 2.1 times for 1H, as
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 31P and 23Na (or any other nuclei) excitation at the same time. This 
would significantly shorten the overall multinuclear MR acquisition 
time and may improve temporal resolution. Furthermore, pTx may also 
improve the efficiency of NOE or 1H-decoupling to further enhance 13C and 
31P measurements.

3.5. New decoupling scheme
Decoupling between coil channels is an important topic for both 1H 

array coils as well as for double-tuned coil designs as it directly affects the 
coil efficiency, noise and sensitivity loss. Currently, the three most 
frequently used decoupling methods are: overlap [159], capacitive 
[160] and inductive decoupling [161]), although, more recently, novel 
decoupling schemes have been introduced. Zhang et al. and Ruytenberg et 
al. developed a high-impedance coil design that can eliminate all 
interactions between elements in a phased array coil [162,163]. Similarly, 
Yan et al. demonstrated a self-decoupled antenna design by adjusting 
capacitance distribution on the coil to balance and cancel out magnetic 
and electric coupling [164]. These techniques even allow excellent 
isolation between the element and its next nearest neighbours, and flexibility 
in allocating the coil elements in the array. In addition, induced current 
elimination decoupling [165,166], magnetic wall de-coupling [167], split-
loop resonator on a dense dipole array [168] and metamaterial decoupling 
[138,169] have also been used to improve decoupling, primarily at UHF. 
Although, to date, these approaches have mostly been employed to 1H, 
many of these new methods may also be implementable in the multi-
channel, double-tuned coil designs, and this needs further investigation in 
the future.

3.6. B0 shimming method using 23Na signal
As mentioned above, the inclusion of a 1H channel is not necessary if 

the usage of 1H is only for localising images and for the B0 shimming. 
Instead, B0 shimming can be achieved with the use of non-proton sig-
nals and has been introduced using the most abundant sodium signals 
[170]. This is advantageous as it enables a high quality single-
tuned 23Na coil to be utilised and requires no decoupling units or 
complication in the coil structure. Moreover, instead of using the 1H 
channel, a double-tuned coil can be built in combination with other more 
meta-bolically and physiologically relevant nuclei, e.g. 23Na, 35Cl and 
39K [171,172].

3.7. Double-tuned coils for multi-modality
Another challenging aspect of double-resonant coil design is when it is 

required for use with other imaging modalities, e.g. PET, X-ray, 
Ultrasound or Linac. The specifications of these modalities [173–177] are 
completely different to those of MR so any classical approach is unlikely 
to work well. For example, in the case of PET, only low-density materials 
can be used within an imaging field of view (FOV) which means 
capacitors, coaxial cables, etc. will create unwanted artefacts and photon 
counting losses [178]. Recently, a double-tuned coil for hybrid MR-PET 
imaging was introduced by Oehmigen et al. In this design, an existing 
commercial double-tuned birdcage design was modified by relocating 
all the dense materials, mostly capacitors into outside the PET FOV 
[179]. Although the performance of the double-tune coil was successfully 
optimised for PET, the quality of the MRI is unlikely to be as good as that 
of the stand-alone MRI, e.g. together using a multi-channel receive 
array. Moreover, the use of parallel imaging is not possible in this 
design as the double-tuned birdcage coil itself has no receive arrays, and, 
therefore, it is not the ideal design for some studies. Anazodo et al 
investigated the usefulness of using a coil array pattern based on 
aluminium instead of using copper [173] and Choi et al 
compared various copper-based RF coil materials to build a double-
tuned 1H/31P coil for an MR-PET system [180]. Sander et al and Farag et 
al evaluated the use of the receive array with PET [181,182], 
and Choi et al compared the performance of various surface coil 
designs for hybrid MR-PET [183]. These activities are useful in 
improving the quality of the double-tuned coils used for hybrid MR-PET 
systems.

4. Summary

Table 2 shows a review of the double-tuned coil designs covered in 
this paper, along with their associated trade-offs. Note that the eva-
luation given here is for a comparison between the proposed double-
tuned designs and an isolated single-tuned coil and comparisons are not 
made between the different design approaches.

Figure 9. A schematic diagram of a double-tuned, 1H/31P metamaterial pad and its characteristic view (a) which combines two different patterned metamaterial structures. Fig. 9b 
shows the B1+ maps with (w) and without (w/o) the support of the metamaterial pad. The substantial enhancement of efficiencies at both frequencies can be clearly seen 
with the metamaterial. The Fig. 9 a) is reused and b) is redrawn from the reference (https://pubs.acs.org/doi/10.1021/acsami. 7b06949) [158] with the copyright permission granted from 
ASC.
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Summary of double-tuned coil designs and their trade-offs.
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Design type SNR in X SNR in 1H Coupling between
X and 1H

Multi-channel extension
feasibility

Space
restricton

Image
co-registration
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Single-structure Split trap 3 3 4 5 5 5 [24–33]
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4 4 3 ⁎ 2 4 [59–72]
3 3 4 2 4 4 [73,74]
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5 5 4 4 3 4 [84–86]

Blocking trap
PIN-diode with
capacitor
PIN-diode with
inductor
Manual, mecanical
switch
Four-ring
Two linear modes
CMDM
λ/2 and λ/4
wavelength
CRLH 5 5 4 4 3 4 [87–89]

Multi-structure Geometrical isolation 4 4 4 3 3 4 [90–108,110–113]
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