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Abstract 

Simultaneously operating MR-PET systems have the potential to provide synergetic multi-parametric 

information, and, as such, interest surrounding their use and development is increasing. However, 

despite the potential advantages offered by fully combined MR-PET systems, implementing this hybrid 

integration is technically laborious, and any factors degrading the quality of either modality must be 

circumvented to ensure optimal performance. In order to attain the best possible quality from both 

systems, most full MR-PET integrations tend to place the shielded PET system inside the MRI system, 

close to the target volume of the subject. The radiofrequency (RF) coil used in MRI systems is a key 

factor in determining the quality of the MR images, and, in simultaneous acquisition, it is generally 

positioned inside the PET system and PET imaging region, potentially resulting in attenuation and 

artefacts in the PET images. Therefore, when designing hybrid MR-PET systems, it is imperative that 

consideration be given to the RF coils inside the PET system. In this review, we present current state-

of-the-art RF coil designs used for hybrid MR-PET experiments and discuss various design strategies 

for constructing PET transparent RF coils. 
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1. Introduction 

DRIVEN by recent technological advances, interest in the use of multi-parametric and multi-modal 

medical imaging techniques is expanding rapidly [1-6], and it is widely anticipated that the increased 

access to dynamic information afforded by these techniques will improve diagnostic accuracy and 

inform clinical decision-making in the future. Currently, magnetic resonance imaging (MRI) and 

positron emission tomography (PET) are two very commonly used diagnostic imaging technologies in 

standard clinical practice and preclinical research, with both modalities offering unique insights. MRI 

enables the imaging of high-quality morphological structures in vivo in conjunction with a lavish 

number of superb soft-tissue contrast mechanisms, while PET utilises a variety of radioactive tracers to 

target different metabolic and molecular pathways, providing highly specific and sensitive information 

relating to physiological and metabolic processes. The benefits of combining these features are clear, 

and the development of simultaneously operating MR-PET scanners have heralded the possibility of 

obtaining unique images with advantages afforded by each individual modality in a single exam [3-9]. 

However, despite the apparent advantages of combined MR-PET systems, technical challenges must be 

considered.  

Several approaches to integrating MR and PET have been explored, such as the use of split magnets 

and light guides to place the detectors (photomultiplier tubes) outside the magnet [10, 11]. With the 

advent of magnetic field insensitive detectors, such as APDs and SiPM, these have been superseded by 

designs whereby a PET insert is placed inside the bore of the magnet. This approach combines MR and 

PET into a fully integrated system, enabling simultaneous acquisition of both MR and PET datasets [12, 

13]. In such integrated systems difference can arise from the placement of the PET detectors which can 

be wholly inside the gradient coil or integrated into a split gradient coil [14].  

For the MRI system to work, a radiofrequency (RF) coil or antenna is required for transmitting and/or 

receiving RF signals. For the RF coil to function effectively in MR measurements, it must be positioned 

close to the subject under examination, which is, in hybrid MR-PET systems, normally inside the PET 

active imaging region. This makes the combination of both modalities difficult since each modality has 

different specifications and requirements. For example, standard RF coils and antennas do not have the 

same requirements that are fundamental for PET, i.e. the use of low-density or no materials in the PET 

field-of-view (FOV), and are generally only designed for use in MRI, e.g. the use of non-magnetic 

materials. Thus, in hybrid MR-PET systems, the RF coils are very likely to contain materials that 

strongly contribute to attenuation and the scattering of gamma- radiation, such as capacitors, soldered 

joints or coaxial cables, and these are likely to be distributed at random locations in the PET imaging 

FOV. This results in count loss and the potential generation of artefacts [15-20]. Although it is possible 

to correct for the attenuation of the RF coil placed inside the FOV of PET, such corrections can be 

arduous, and artefacts may not be completely removed [19-21]. This results in significant quantification 

errors and degradation in the sensitivity of the PET images, a situation which is less than ideal. 

Therefore, to minimise any potential absorption and scatter of gamma-radiation, while at the same time 
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maintaining the maximum MR imaging capability without compromising image quality, e.g. high 

signal-to-noise ratio (SNR), it is crucial to take the bi-directional compatibility of materials into 

consideration when designing hybrid MR-PET systems. 

This review presents an overview of the key strategical features of designing MRI coils for hybrid MR-

PET systems. In this work, we mainly focus on brain applications, but the central principles can 

undoubtedly be employed to examine other areas of interest. The main body of this review includes a 

variety of design approaches and also considers the materials used for the construction of coil elements 

and coil formers. The coil design part is further divided into three subsections, and a detailed description 

of each strategy is provided, along with the associated novelties and importance. 

 

II. CLASSICAL APPROACH: MOVING HIGH-DENSITY COMPONENTS AWAY FROM THE 

PET FOV 

The most intuitive and simple way of designing a simultaneously operating MR-PET coil is to relocate 

the high- density compartments of conventional coils to outside the PET imaging region [22-28]. The 

high-density components of the coil mainly include various non-magnetic fixed capacitors and trimmers, 

inductors, co-axial cable bundles, etc. Since its first appearance in MRI in 1985, the birdcage coil has 

been one of the most ubiquitous transmit / receive MRI coils, offering the benefits of large volume 

coverage and a highly homogeneous RF field (B1) [29]. Depending on its configuration, it can normally 

be operated in a high-pass or low-pass mode. In the high-pass case, the required capacitors tend to be 

placed on the end-rings, whereas in the case of low-pass, the capacitors are positioned on each rung, 

which could be in the middle of the imaging FOV. Figures 1a and 1c exemplify the conventional, high- 

and low-pass birdcage coils, indicating where the potential high-density materials are located within the 

MR- PET imaging FOV (highlighted using light red shading). Figures 1b and 1d show how to reposition 

the capacitors to avoid them being inside the PET detection field-of-view – namely by extending the 

overall length in the high-pass case (b) or by splitting the single capacitor into two arranged in series 

with one capacitor located on each end of the low-pass birdcage rung. Figure 1e is a photograph of the 

birdcage coil. 

 

In the design introduced by Oehmigen et al., an existing commercial birdcage coil was modified in the 

same manner to fit the hybrid operation [28]. 
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Figure 1. Conventional high-pass (a) and low-pass (b) birdcage coils showing the location of the high-

density materials, and modified high-pass (c) and low-pass (d) birdcage coils for simultaneous MR-

PET. A photograph (bottom) of the double-tuned birdcage coil recaptured from the reference [20]. This 

comprises two birdcages: low-pass flat design for 31P nucleus detection and high-pass folded design for 
1H. 

Since then, this approach has been applied to various coil designs, not only for birdcage coils [21, 26, 

28], but also for surface coils [23], and even for multi-channel arrays [24] and double-tuned coils [26-

28]. 
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Although the goal of building a PET-compatible MRI coil can clearly be achieved using this design, it 

may not be the optimal choice as the quality of MR images are unlikely to be as good as that of the 

stand-alone, standard coil frequently used in MRI. This drawback mainly comes from the extended 

length of the coil, which leads to a reduction in SNR and a restriction in the dimension (e.g. shoulders 

for the brain/head imaging applications). The current clinical default setting at 1.5 and 3 T is to combine 

a large body transmit coil, together with a number of small multi-channel receive-only coils, which 

provide the uniform B1 transmit-field as well as high sensitivity [30-32]. In addition to not using a 

multi-channel receive array, this volume coil design also prevents the possibility of using parallel 

imaging techniques, which require the use of multi-element coils to exploit sensitivity profiles of the 

individual elements, or fast acquisition techniques, which perhaps brings an additional restriction for 

certain applications requiring high SNR, high-resolution or a short scan time [33, 34]. 
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Figure 2. Designs of a conventional (top) and an RF penetrable, floating PET insert (bottom) redrawn 

from the reference [24]. 

III. RF PENETRABLE OR RF-COIL-INTEGRATED PET INSERT 
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The next approach to designing MR coils for integrated MR-PET systems is to use an RF-penetrable or 

an RF-coilintegrated PET insert. The main factors to consider with this approach are that it requires a 

modification of the PET detectors, thus making the PET modules unconventional, and due to the 

position of the coil, the integrated RF shield also needs to be altered. MRI scanners are mostly placed 

inside a Faraday cage to prevent any unwanted RF interference from the surroundings, and due to the 

inter-directional interference, the PET systems inserted inside the MRI scanner would need to be 

completely shielded [35-37]. In this manner, an interference-free, simultaneous MR-PET operation can, 

in principle, be achieved. MR coils working within the RF range are very sensitive to shields made of 

copper or aluminium, and basically, the shield blocks the penetration of the radiofrequency. Depending 

on the shield position or the distance between the shield and the coil, the performance of the coil, 

particularly its efficiency and sensitivity, can be substantially influenced [38]. Due to this, the PET 

system is likely to be positioned outside the body coil in integrated MRPET systems that are 

commercially available for clinical use, thus mitigating deleterious effects on the MR system [39]. 

However, this may not be ideal with respect to the PET performance, and importantly, increased costs 

due to an increased diameter of the PET ring. 

A. RF penetrable, floating PET insert design 

As introduced previously, the use of a multi-channel receive-only array together with a body transmit 

coil in MRI is a well-established configuration at clinical field strengths, i.e. 1.5 and 3 T. Here, the body 

coil is always included, which is mostly used for transmitting RF or for imaging large volumes, while 

the receive array is only used for signal reception. However, in order to improve the quality of the PET 

system for brain applications and to make it easily adaptable to existing MR scanners, the PET system 

is often designed as an insertable unit, which is normally installed into the magnet bore [4-6, 16, 22, 

24]. For simultaneous imaging, however, this shielded PET insert system prevents the use of the built-

in body coil in the MRI scanner. Consequently, a great number of MR coils for simultaneous MR-PET 

measurements are designed as transmit/receive volume coil styles. The option of having separate 

transmit and receive operation is not possible due to the requirement of a multi-layer design, potentially 

leading to more attenuation and space restriction. In particular, transmitting requires more power, so 

the components and cables for transmit coils are mostly made of larger, thicker and more dense 

materials, leading to higher attenuation. 

In order to cope with these challenges, a group from Stanford proposed and constructed an RF 

penetrable, floating PET insert that could be incorporated into a clinical MRI scanner [24, 40-42]. The 

most interesting point of this strategy was the option that enabled the standard MR body coil to be used 

for RF transmission. Figure 2 illustrates the proposed floating PET insert design (Fig. 2b) in comparison 

to the conventional model (Fig. 2a). Using various strategies, e.g. optical signal transmission and battery 
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power source and noise removal, they were able to make the PET insert both MR compatible and RF 

penetrable. 

 

Fig. 3. An 8-rung birdcage coil (a) and an 8-channel MTL array (b) integrated into the shielded PET detector module. A single channel 
zoomed MTL coil is also shown. Images were recreated based on the references [43, 44]. 
 

In this approach, the B1 transmit-field was generated through tiny gaps between the PET detector 

modules and some degree of uniform B1 field (with about 30% degradation) was accomplished inside 

the PET FOV. However, even though the MR performance could be further improved by using a 

receive-only array, they reported a reduction in transmit efficiency of approximately 35% and artefacts 

(e.g. checkerboard pattern) on their MR images compared to those without the floating PET insert. 

Furthermore, it should be mentioned that the gaps between the PET detectors in the floating design will 

inevitably lead to a small loss of PET sensitivity compared with a conventional design. 

B. RF-coil-integrated PET insert design 

As mentioned above, the birdcage coil is one of the most commonly used MRI coils and attempts have 

been made to integrate an 8-rung, high-pass birdcage coil into a home-built PET insert [43]. In this 

approach from Akram et al., the birdcage rungs are positioned between two shielded PET detector 

modules. Figure 3a shows the conceptual drawing of the geometry of the birdcage elements from the 

viewpoint of the z-axis. The design was assessed by comparing a number of important MR factors, i.e. 

B1 homogeneity, SNR and local/global specific absorption rate (SAR). Due to the same effects 

associated with the closely placed shield described above, they found a degradation of approximately 

5% in B1 uniformity, 60 to 70% in SNR and around 20% to 60% in SAR, which varied depending on 

the MR sequence of choice. 
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Even though the PET performance was not compared as a function of the size of the gap, it was 

anticipated that this modification could degrade the sensitivity of the PET since the segmented PET 

ring could reduce the amount of gamma quanta captured. 

Another modification proposed by the same group was to use a microstrip transmission line (MTL) 

resonator [44]. MTL is also a popularly used MRI coil at higher field strengths (> 3T) and has a special 

feature that the coil is supported by a ground plate and dielectric material between the MTL and the 

ground plate. The design strategy suggested by the authors was to share the ground plate for both the 

MTL resonator and the PET shield simultaneously. As shown in Fig. 3b, whether the ground shield is 

in the form of a plate or a box makes no difference in the coil characteristics in terms of MRI. Thus, 

this tactic could be greatly beneficial and also allows space to place the integrated PET insert within the 

RF coil. However, since the use of dielectric material is particularly recommended at higher field 

strengths, it is possible that the ground shield would attenuate the gamma-radiation. 

Furthermore, this concept was only demonstrated using a 4- channel MTL array, where one would 

expect the coupling factor among the elements to be good enough. However, if the number of channels 

was to be increased to, e.g. 8-channel in order to improve the B1 homogeneity, the MTL array may 

require the additional employment of decoupling techniques to minimise the interference among each 

coil element [45]. Attaching the decoupling circuits may result in increased attenuation and degradation 

of the PET performance. Nevertheless, the PET detectors can be positioned close to the subject and, 

therefore, it may have a potential improvement in the PET sensitivity and resolution, which may 

compensate the loss stated above. In the case of Fig. 3a, attenuation correction of the embedded coil 

may also not be required as it stays outside the PET FOV which can be an additional advantage. 

Overall, these design strategies may influence PET performance, and in most cases, could restrict 

system flexibility. On the other hand, integrating conventional MR coils into the PET insert could result 

in a compact and independent insert with a combined all-in-one design. The former, i.e. the RF-

penetrable PET insert, has the great advantage of allowing the use of the existing integrated MR body 

coil for transmission at clinical field strengths. Due to the closely placed, shielded PET insert, however, 

the transmit efficiency could significantly decrease, requiring the application of much higher RF power. 

This, therefore, might preclude the running of short and high amplitude RF pulses and may increase 

SAR values at high fields [46]. 
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Fig. 4. Schematic diagrams of novel MRI antenna arrays which have the potential to be used for simultaneous MR-PET acquisitions: a) J 
pole antenna, b) monopole antenna and c) sleeve antenna. Images were drawn on the basis of the references [57, 59, 66]. 
 
 

The RF penetration efficiency can be improved with different arrangements of the shielded PET insert 

i.e. by splitting one to two in the z-direction or by increasing the gaps between adjacent modules [47]. 

However, the large gaps between PET modules lead to the generation of mandala or chimney artefacts 

[48]. Thus, the gap size is a trade-off and requires further optimisation, which can increase the path rate 

of the RF but also degrade the PET performance. 

IV. STRATEGIES USING EMERGING 

TECHNOLOGIES: NOVEL MR ANTENNA ARRAYS 

As MR sensitivity increases proportionally to the main magnetic field strength, MRI systems operating 

at higher field strengths have the potential to offer higher resolution and higher SNR, possibly resulting 

in a shortening of the required scan time in comparison to lower field strengths [49]. Thus, there has 

been an increased tendency towards stronger field strengths, and the usefulness of ultra-high field (UHF) 

MRI systems has been demonstrated in various clinical applications [50-52]. In addition to MR 

technological developments, there have been several attempts to integrate PET systems into UHF MRI 

using new PET detector technologies [53-55]. Besides the previously discussed challenges associated 

with MR-PET integration, human imaging at UHF poses further challenges, mainly resulting from the 

non-uniform B1 fields that occur due to a shortened RF wavelength and higher SAR in tissues [47]. 

In order to compensate for these obstacles, various new methods and approaches have been introduced, 

including the use of radiating antennas together with parallel transmission techniques [56-62]. To date, 

mostly dipole antennas, used as radiating antenna, have been investigated and demonstrated in humans 

and have become a standard coil for use in UHF MRI [56, 63, 64]. Unfortunately, the dipole antenna 

array is not the best candidate for simultaneous MR-PET systems due to its centre feeding configuration 

(containing high-density materials, i.e. capacitors and coaxial cables), leading to high gamma-

absorption and scattering [57]. Thus, having to take the fundamental necessities of PET into 

consideration, in addition to the standard requirements of UHF MRI, makes developing an RF antenna 

array even more complicated and difficult. However, despite not being frequently used in UHF MRI, 

several new antenna designs are emerging. 

Figure 4 illustrates how these novel antennas are organised, along with the PET imaging region. These 

designs, by virtue of the fact that there is inherently little material in the PET FOV, are expected to be 

most suitable for hybrid MR-PET [57, 65, 66].  
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Choi et al. recently invented a J-pole antenna array (Fig. 4a) and demonstrated its potential use for 

simultaneous MR-PET and MR-SPECT [57, 67]. The MR performance of the J-pole antenna array was 

compared against the standard dipole antenna array, and the gamma-radiation transparency was 

presented [57]. The results showed that the MR performance was comparable to the reference, while 

the PET performance was significantly superior, as indicated in Fig. 5. It was possible to achieve PET 

transparency since the J-pole array only included antenna patterns made of very thin (few μm) copper 

strip, and none of the lumped components were accommodated inside the PET imaging FOV. 

Furthermore, as these antennas can be driven by one side of the antenna through cable traps attached to 

coaxial cables, it is possible to use them in hybrid imaging modalities. 

 

Fig. 5. A photograph of one of the emerging antenna arrays with the potential to be used as an MR-PET coil along with its attenuation map 
and sinogram. Top: J-pole antenna array and bottom: Dipole antenna array. The blue box indicates the slice for the attenuation maps and 
sinograms as measured according to the antenna arrays. The images were modified from the reference [57] with the copyright permission 
granted through RightsLink®. 

Figure 5 shows comparison pictures and maps of gammaradiation-attenuation between the J-pole 

antenna array (top) and a dipole antenna array (bottom), which is an MRI coil commonly used at UHF. 

All of the components, as well as the feeding part, are relatively far away from the main imaging area, 

resulting in significantly reduced attenuation in the map. Although it has not yet been shown with PET, 

this strategy may, theoretically, be valid for other antenna designs, such as monopole antenna, shown 

in Fig. 4b [65] or a sleeve antenna, shown in Fig. 4c [66]. It can be seen from the figures that these 

antenna arrays also only require a simple and very thin conducting patterned line within the active 

imaging region. Here, the sleeve antenna is a modification of a monopole antenna, which combines 

with floating cable traps instead of using the ground plate. In this way, it could help prevent problems 

or artefacts in monopole antenna arrays, potentially caused by eddy currents. 
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V. CONSIDERATIONS OF BUILDING MATERIALS FOR COIL COMPONENTS AND 

FORMERS 

In general, MRI coils consist of a range of different elements, including a coil itself which are made of 

nonmagnetic, conducting materials, mostly using copper or aluminium, coil cases for supporting and 

enclosing the coil, and, in some cases, an RF shield, also made using copper, aluminium or similar 

materials. The coil traces can be generated in the form of a printed circuit board (PCB), wire, pipe or 

thin tape. Due to its flexibility and precision, today coil cases are frequently manufactured with a 3D 

printer, using various plastic materials, e.g. biocompatible polycarbonate. As all these components are 

inside the sensitive PET imaging region, they all require careful consideration during the design stage. 

Choi et al. designed several simple loop coils using various copper-based materials: pipe, strip, wires 

and flexible FR4 PCB and evaluated the characteristics of the coils at two different frequencies for 1H 

and 31P measurements by comparing quality factors for MRI and attenuation for PET [68]. They found 

that although copper pipe was the best conducting material for designing the coil for MRI, its gamma-

radiation absorption level was rather significant (´ 6) compared to the other materials. Conversely, thin 

(~ 35 μm) copper strip and flexible FR4 provided very low gammaradiation attenuation with 

approximately 15% (to the pipe) lower quality factors. It has also been reported in the literature that 

such a thin conductor does not noticeably contribute to the attenuation [20, 26, 57]. Using transmission 

scans, Oehmigen et al. systematically studied the attenuation of a large quantity and range of individual 

materials commonly used to construct MRI coils, including homogeneous materials (e.g. different 

plastics, aluminium, copper and brass) and heterogeneous samples (e.g. ceramic capacitors, cables, 

inductors and soldering tins) [15]. 

The results acquired provided useful information for improving the quality of not only future MR-PET 

compatible coil development but also test phantoms and accessories, e.g. mirror systems for functional 

MRI or headsets for acoustic noise-reduction [69-71]. Additionally, Celik et al. took the coating 

material for the coil case into account, which should provide electrical insulation and be waterproof, 

but it may increment extra gamma-ray absorption [26]. 

Researchers also evaluated the feasibility of using multichannel receive arrays with PET [72-75]. Hope 

et al. designed a minimally attenuating 16-channel anterior body array and their attenuation level was 

comparable to the 4-channel torso array [72]. Anazodo and colleagues built a 32-channel head coil array 

using a coil array pattern based on aluminium rather than copper, since aluminium has theoretically 

lower absorption, and investigated its usefulness [74]. It was reported that the array constructed using 

aluminium did not appear in the attenuation map, making it ideal for use in simultaneous acquisitions. 

Moreover, the authors demonstrated the MR performance of the 32-channel aluminium coil array to be 

comparable to that of the 12- channel commercial copper coil array. Sander et al. obtained attenuation 
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maps of different conductors (i.e. aluminium foil, copper foil, 18 awg wire and 16 awg wire), coaxial 

cables (i.e. 1.2 mm and 2.2 mm diameter), preamplifiers and different sizes of plastic housing (i.e. 2 

mm, 6 mm and 12 mm). Based on the MR image quality and PET attenuation, they suggested that 

smaller components are the optimum choice if they perform in a similar fashion to physically larger 

alternatives and recommended that all components be evaluated for their properties prior to building 

MR-PET coils [73]. Recently, Stickle et al. developed a foam-type coil former to replace a conventional 

rigid plastic former and found minimal PET interference. They also rearranged internal cables and 

tuning/matching/decoupling units in order to optimise the attenuation and the MR image quality [75]. 

VI. DISCUSSION AND OUTLOOK 

Simultaneously operating hybrid clinical imaging systems are attracting increasing interest as they 

enable access to multiple biological parameters with good spatial and temporal resolution and have the 

potential to provide synergetic diagnostic information. Moreover, the simultaneous aspect is 

particularly useful for certain applications that require correlation and causality between neuroreceptor 

occupation and/or neurotransmitter release and brain activation, e.g. neuroimaging and 

neuroactivational studies. The fact that important physiological parameters, such as blood flow and 

blood volume, can be assumed to be the same – by virtue of simultaneous acquisition – during the 

acquisition of both image data sets is a critical advantage. 

In this review, we have shown several previous efforts and possible design approaches relating to the 

construction of PET transparent MR coils that aim to maximise the image and performance quality of 

both modalities. In the context of MRI, using the transmit-only / receive-only configuration is rather 

challenging as it requires the location of essential components inside the PET FOV [73, 75]. In 

particular, the multi-channel loop arrays used for integrated MR-PET systems have to predominantly 

rely on attenuation correction since designing the array without the use of a number of soldered joints, 

capacitors and cables is unavoidable. Nevertheless, this combination is still recommended since it 

provides a uniform B1 field and higher detection capability and is suitable for use at higher field 

strengths, i.e. UHF, due to its increased sensitivity. 

It is clear that using some emerging antenna designs, as introduced in the above section, is also an 

appropriate strategy for integrated MR-PET systems. These antenna arrays are capable of carrying out 

a transmit-only operation together with the use of parallel transmission techniques, or a transmit and 

receive function. Each antenna has its unique properties, which determines the physical size of the 

antennas. For example, the monopole or sleeve antenna has quarter-lambda, while the J-pole has half-

lambda characteristics within the PET FOV. Thus, one could be more suitable than the other for 

particular applications, body parts or field strengths. To date, these antenna arrays have only been 

applied at field strengths higher than 7 T, and the optimal length of the antenna is suitable for these field 
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strengths. Nevertheless, a larger number of simultaneously operating MR-PET scanners are available 

at clinically relevant field strengths, such as 1.5 T and 3 T, and adaption to these lower field strengths 

would be advantageous as these antennas are almost PET-transparent. 

Although we did not focus on the influence of RF shields, the primary reason for including a shield is 

to prevent the bidirectional interference between PET and MRI [35-37], which requires the complete 

shielding of the inserted PET system. Depending on its arrangement and materials, the shield attached 

to the PET detector can also play a pivotal role in antenna efficiency and homogeneity [35-37, 76]. Due 

to the space limitation associated with the use of a PET insert, in some cases, the shield on the PET 

module has to be placed close to the RF coil, and consequently, the efficiency of the RF coil is 

significantly affected, leading to considerable SNR loss. Conversely, at higher field strengths, the shield 

could benefit the performance of the coil array as it improves radiation loss, which is larger at higher 

frequencies [77]. 

However, the shield is often a potential source of eddy currents, which tend to disturb the gradient 

waveforms resulting in image distortion and artefacts. Thus, optimising the shield-to-coil distance and 

the eddy current characteristics on a hybrid system requires further investigation [35, 38, 78- 

80]. 

An additional factor when considering the MRI coil is its role in providing anatomical information 

covering the entire PET FOV, enabling the generation of an attenuation map to aid accurate PET image 

reconstruction. Two of the most widely used methods for attenuation correction (AC) in the field are to 

derive the required attenuation maps using either computer tomography (CT), with an application of 

extrapolation to 511 keV, or transmission scans (TS), with an external radioactive source of ideally 511 

keV [81, 82]. Both methods, however, have drawbacks that lead to systematic errors in the reconstructed 

attenuation corrected PET image [83]. The precision of the former approach is generally restricted by 

the requirement that it needs to convert a linear attenuation coefficient (μ-value) obtained from a 

continuous X-ray spectrum to a μ-value corresponding to the inherent monoenergetic spectrum of PET. 

For example, AC maps are normally generated using a clinical CT scanner (typical photon energy range: 

30 keV ~ 140 keV), requiring an extrapolation to 511 keV. The widely used bilinear scheme to convert 

from Hounsfield units to μ-values for human tissue [84] is inappropriate for the highly attenuating coil 

components [83]. Conversely, extrapolation is not required in the latter method as it is based on 

measurements with rotating 511 keV sources. However, unfortunately, PET scanners with integrated 

rotating transmission sources are no longer produced, and the AC mapping of an RF coil is different to 

the one used for the combined MR-PET scan. This leads to systematic errors caused by mismatch of 

the spatial resolution of both PET systems involved [85] and also to the incorrect alignment of the AC 

map for PET image reconstruction, which is caused by the fact that the transmit/receive coil is generally 
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not visible in either the MR image or the PET image [83]. The location of rigid coils can be stored in 

the system and used as the expected position of the coil during PET reconstruction, thus making their 

location reproducible from scan to scan. In cases where flexible coils are used, or if the precision of the 

positioning of the rigid coil is insufficient, additional information about the localisation of the coil is 

required. This can be achieved by placing MR visible fiducial markers on the coil or by using an 

ultrashort or zero echo time MR imaging sequence [81]. In order to overcome the limitations of CT or 

TR derived AC maps with measurements on a different system, several upgraded methods have also 

been proposed, such as an in-situ transmission scan [86, 87], the use of computer-aided design files [88], 

or a maximumlikelihood reconstruction of attenuation and activity algorithm [89]. Although the 

attenuation of RF coils can be reduced substantially, there is currently no known strategy for building 

practically useable RF coils where the attenuation of the annihilation gammas can be completely 

neglected. Thus, it is important to consider the above-mentioned strategies when designing the RF coil 

and to use as few materials as possible. Currently, coil cases are mainly produced using 3D printed 

plastics, and the investigation of novel materials to this end could be useful. The selected materials, 

however, must fulfil the requirements of MR compatibility, mechanical and electrical safety regulations, 

and the PET requirements. As an example, a screen-printed coil technique has been recently introduced 

and can be used to print a predetermined or calculated coil array together with the coil holder [90]. By 

carefully selecting the materials, the desired stability and PET attenuation requirements can be achieved. 

Wirelessly operating metamaterial coils [91, 92] or lightweight coils [93] using new extremely-low-

density materials could also be an ultimate option for simultaneous MR-PET and may eventually 

eliminate the necessity of attaining attenuation maps of the coil assembly. 

Finally, these techniques are not only applicable to MRPET systems and may also be applied for other 

combined modalities, such as MR-X-ray [94], MR-SPECT [95, 96], and MR-Linear accelerator [97-

99], which have similar constraints and requirements. 
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