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Abstract—Simultaneous MR-PET is an increasingly popular 

multimodal imaging technique that is able to combine metabolic 
information obtained from PET with anatomical/functional 
information from MRI. One of the key technological challenges of 
the technique is the integration of a PET-transparent MR coil 
system, a solution to which is demonstrated here for a double-
tuned 1H/31P head coil at 3 T. Two single-resonant birdcage coils 
tuned to the 1H and 31P resonances were arranged in an 
interleaved fashion and electrically decoupled with the use of trap 
circuits. All high 511 keV quanta absorbing components were 
arranged outside the PET field-of-view in order to minimize count 
rate reduction. The materials inside the PET field-of-view were 
carefully evaluated and chosen for minimum impact on the PET 
image quality. As far as possible, the coil case was geometrically 
optimized to avoid sharp transitions in attenuation, which may 
potentially result in streaking artefacts during PET image 
reconstruction. The coil caused a count rate loss of just above 5% 
when inserted into the PET detector ring. Except for the anterior 
region, which was designed to maintain free openings for increased 
patient comfort, an almost uniform distribution of 511 keV 
attenuation was maintained around the circumference of the coil. 
MR-related performance for both nuclei was similar or slightly 
better than that of a commercial double-tuned coil, despite the 
MR-PET coil having a close-fitting RF screen to shield the PET 
and MR electronics from possible electromagnetic interferences. 
 

Index Terms—1H/31P, double-tuned RF coil, low count-rate loss, 
simultaneous PET-MR  
 

I. INTRODUCTION 
HE use of MRI and PET as stand-alone imaging 

modalities is now considered to be standard in routine 
clinical practice, with MRI primarily being used to generate 
structural/anatomical images and PET being used to identify 
metabolic changes. However, recent technological advances 
have made the combination of these modalities into a single 
imaging system increasingly advantageous. In addition, interest 
and developments in the use of so-called 'X-nuclei' such as 
sodium-23 (23Na) or phosphorus-31 (31P), for use alongside 1H 
proton imaging, as potential biochemical markers in MR, are 
also increasing [1]. In this context, integrated MR-PET systems 
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that allow simultaneous multimodal data acquisition are 
favored as physiological processes can be investigated 
concurrently with MR and PET. Consequently, the use of a 
double resonant head-coil capable of operating inside a PET 
detector ring while maintaining good signal-to-noise ratio 
(SNR) performance for both nuclei is a desirable extension in 
order to gain greater insight into the physiological processes 
taking place in the brain together with their spatial localization 
and extent.  

The double tuning of MRI coils has been implemented in 
various ways. The common approach is to extend an existing 
structure to support double resonances, e.g. four-ring birdcage 
coils [2-5] and alternating rungs in a birdcage [6], or to insert 
either active switching elements, e.g. PIN-diodes [7-9] and 
MEMS switches [10], or trap circuits [11-13]. Both enable a 
single physical structure to support two suitable resonant modes 
at different frequencies. An alternative solution is to implement 
two independent physical structures, each resonant at one of the 
desired frequencies. The latter approach requires coupling 
between the two structures to be minimized and various 
methods have been presented to achieve this, for example, 
nested coils [14-16], geometrical decoupling [17, 18], blocking 
traps [19, 20], PIN-diodes [21] or combinations of these 
mentioned above.  

To date, most of the MR coils developed to overcome the 
challenges associated with simultaneous MR-PET imaging 
have either focused on providing low 511 keV gamma 
absorption or the RF coil has been installed outside the PET 
field-of-view (FoV). Examples of the latter include electrically 
floating RF screens of the PET cassettes with an external RF 
coil [22], the arrangement of the RF coil between the PET 
cassettes [23], and designs using scintillators arranged within 
the RF coil but using optical/electrical transmission to remote 
PET readout electronics [24, 25]. Low gamma-quanta 
absorption designs, where the PET ring is external to the RF 
coil, focus on removing the high absorbing circuitry from the 
PET FoV [26], a low absorption case design [27] and the 
optimization of the case geometry for both low absorption and 
good PET reconstruction properties [28]. In most cases, MR-
PET compatible coils have only been designed as proton coils, 
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although, recently, double-tuned MR-PET coils have been 
investigated either by using standard MR coils [24] or by 
modifying a commercial double-tuned MR birdcage coil [29]. 
However, it must be noted that, the coil presented in [29] is 
unshielded and thus not suitable for operation in brain PET 
inserts which are physically close to the RF coil. 

In this work, we present a double-tuned MR-PET volume 
head coil that has been optimized from the outset for operation 
inside a Brain PET insert [30] with the aim of investigating the 
trade-off encountered when balancing MR performance with 
multimodal imaging. The coil is designed to operate at both the 
proton frequency and the 31P frequency of a 3 T MRI system 
and is primarily intended for oncology applications, e.g. to 
explore tumor extent using FDG-PET [31] and for the grading 
of gliomas with the aid of 31P MR spectroscopy (MRS) [32]. 
PET performance was directly investigated with transmission 
scans at 511 keV, while the MR properties were investigated in 
simulations and phantom experiments and compared to a 
commercial, double-tuned birdcage coil intended for MR-only 
applications.  

II. MATERIALS AND METHODS 

A. Overall design 
The focus of the work was to create a double-tuned MR-PET 

coil with ultra-low gamma ray absorption and scatter properties, 
in order to maintain a high PET count efficiency and low SNR 
penalties on both the proton and the 31P channel. Double-tuned 
coils can either employ birdcage like structures with traps/PIN-
diodes or additional end rings to actively switch the resonance 
frequencies, or surface coil elements can be made double 
resonant by introducing a means to split normally mono-
resonant structures. An overview of double-tuned MR coil 
structures is compiled in [33]. Here, because operation in both 
transmit and receive is desired, a birdcage design is preferred 
due to its ability to produce a homogenous field distribution. In 
addition, because of the limited space available in hybrid MR-
PET environments targeting the human brain, designs that use 
two interleaved birdcage structures are the most space-efficient. 
However, they usually require the current flow of the proton 
frequency on the lower frequency structure to be blocked with 
the use of either trap circuits or PIN-diodes. In the design 
presented here, LC traps are implemented as these do not 
require a bias supply and allow coils to be operated at two 
frequencies simultaneously, e.g. if decoupling experiments are 
desired.   

The constructed coil, without outer cases, is shown in Fig. 1. 
To reduce the number of lossy decoupling elements as much as 
possible, a separated, interleaved birdcage design was chosen 
with a minimum number of traps on the lower frequency rungs. 
For sake of simplicity, the traps are implemented as LC traps, 
although higher SNRs can be obtained with alternative trap 
circuits [34]. However, in order to maintain the highest possible 
SNR with this trap configuration, a low value of 33 nH was 
selected for the trap inductor.  

 
 

 
 
Fig. 1 The double resonant head coil without the outer cover (top), schematic 
of the coil including orientation inside the PET FoV (middle) and T/R circuitry 
for both the 1H and 31P channel (bottom). A low-pass design is used for the 31P 
coil and a high-pass design is used for the 1H element. Each of the two 
individual birdcages is based on an eight-rung geometry and is driven in 
quadrature. The lengths of the 1H and 31P rungs are 196 mm and 222 mm, 
respectively. The width of the end ring traces is 8 mm. 
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To reduce the required space for the two end rings, and to 
facilitate geometrically simple junctions between the two 
separate resonator structures, each end ring of the 1H coil is 
folded upright similar to [4]. The coil is designed to cover the 
whole head, with a free inner diameter of 260 mm. In order to 
fit in the ‘BrainPET’ PET detector ring (Siemens Healthineers, 
Erlangen, Germany), the outer diameter of the coil is fixed to 
330 mm. The coil system uses a low-pass design for the 31P 
antenna and a high-pass for the 1H element, resulting in 
realizable capacitor values for both systems (compare [35]). 
Each of the two individual birdcages is based on an eight-rung 
geometry and is driven in quadrature. As there is no interference 
between the modes of the 1H and 31P systems, the design is 
electrically similar to the multinuclear MR-PET coil described 
in [29]. However, the birdcages in the implementation 
presented here need to be considered as shielded, as they are 
intended to operate inside the BrainPET insert, which acts as an 
RF screen for the MR coil.  
 

B. Case material and geometry 
To be able to produce a case with the complex geometry 

required to reduce PET attenuation arising from variations in 
material thickness, additive manufacturing methods were 
investigated for case production. Materials compatible with the 
3D printer available on-site (Fortus 400mc, Stratasys Inc., Eden 
Prairie, USA) have previously been tested for MR compatibility 
[44], and polycarbonate was found to be a suitable candidate – 
which was also used in an earlier MR-PET coil [26]. However, 
in order to achieve sufficient mechanical sturdiness and 
electrical isolation required to comply with the IEC 60601-1 
guideline in the proposed design, a minimum wall thickness of 
4 mm was maintained, as compared to only 2.7 mm in the 
above reference. Coating of the polycarbonate was required to 
make the 3D printed case impermeable to water. However, 
some coatings are highly absorbing to PET irradiation [28]. As 
a possible solution, the use of a plastic coating was investigated 
and adcoat® (Adelhelm Kunststoffbeschichtungen GmbH, 
Eningen, Germany) was found to be a suitable candidate. This 
particular coating has the advantage of being compatible with 
food production and thus, is highly likely to be biocompatible. 
PET compatibility of the 3D printed polycarbonate and coating 
was verified with transmission scans and the results are shown 
in Fig. 2. MR compatibility of both materials was validated as 
described above. MR images from the B0 compatibility and 
proton signal tests are shown in Fig. 3. 

 

 
Fig. 2 ROI analysis of the attenuation maps from a homogenous water filled 
cylinder (left) and coil material (right). The figure shows that the printed 
polycarbonate case and coating had a very low impact on PET performance. 
 

 
Fig. 3 B0 field interference pattern without plastic casing and shim currents set 
to zero (left) and after inserting a coated plastic sample (middle). Proton image 
from the phantom without visible signal from the case (right). 
 

C. PET compatibility issues 
In order to make the complete coil assembly as PET 

transparent as possible, several design aspects required special 
attention. These included: 1) the removal of all high 511 keV 
gamma absorbing components from the PET FoV, 2) the use of 
low 511 keV gamma absorbing electrical conductors to limit 
the impact of losses caused by the RF coil as much as possible, 
and 3) the optimization of the coil casing for low gamma 
absorption. For the sake of clarity, the center of the PET FoV 
coincides with the center of the rungs and extends to 196 mm 
in the axial direction.  

The first issue is straightforward and has been extensively 
discussed in the literature, e.g. [26]. In the particular 
implementation presented here, all electrical connections to the 
coil system are carried out from the rear of the magnet so that 
all electrical circuits required for its operation (transmit/receive 
(T/R) switches, hybrids, frequency diplexer, preamplifiers, 
transmission lines, cable traps, etc.) are arranged towards the 
far end of the coil and outside the PET FoV. As the 1H high-
pass only requires capacitors to be placed on the end rings, there 
are no lumped components in the PET FoV. For the 31P low-
pass coil, the capacitors required on the birdcage rungs have 
been split into two series capacitors for each rung and are 
geometrically arranged on both ends of the rung. This has been 
described in [14] and effectively removes the low-pass 
capacitors from the PET FoV. The eight proton trap circuits 
located on both 31P end rings stop the coupling of the proton 
signal onto the 31P system and result in an added inductance to 
the end ring segments at the 31P frequency. The capacitors on 
the coil are fixed, non-magnetic chip capacitors (25 case size 
series, Voltronics corp., Denville, USA), and, for the sake of 
simplicity, tuning and matching was carried out using variable 
capacitors (NMA_HV series, Voltronics corp., Denville, USA). 
The circuit diagrams of both coil systems are shown in Fig. 1. 

The second issue has been investigated in [36] and a suitable 
compromise between PET attenuation and RF electric losses is 
the use of thin and narrow copper traces (thickness: 35 µm). 
Here, the coil uses 5 mm wide copper traces for the rungs and 
an 8 mm trace width for the end rings. All traces are etched on 
a flexible PCB on a polyimide substrate (KREMPEL GmbH, 
Vaihingen, Germany) which is fixed to the 3D printed coil case 
using adhesive tape (3M, Maplewood, USA). Exceptions are 
the folded end rings, placed outside the PET FOV, which use 
1.5 mm thick standard FR4 based PCBs for mechanical 
stability.  

In terms of the third point, the case material and the case 
varnish were selected to provide mechanical stability and 
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suitable electrical insulation while exhibiting low PET 
absorption and negligible MR signal at the 1H/31P frequencies. 
The paint, which comes into contact with the patient, was also 
required to be bio-compatible as per normative requirements 
[37]. The goal for the selection of appropriate materials was a 
lower 511 keV absorption than that of water – which is 
comparable to the absorption encountered in the RF coil for the 
BrainPET insert [28]. Materials were evaluated by 
transmissions scans inside an ECAT HR+ PET scanner 
(Siemens Healthineers, Erlangen, Germany). The MR 
compatibility of the materials (no signal from the case and no 
static magnetic field (B0) distortions) was either confirmed 
from prior publications or by measurements of representative 
samples on a small animal scanner [38]. The setup used a 
spherical water phantom of 40 mm diameter (0.0444 g MnCl2 
+ 0.0667 g NaCl per 1000 g distilled water) placed on top of the 
sample material and two different MR sequences. B0 
distributions with the sample present were compared to those 
without the sample with the help of a 2D spin-echo sequence 
using a regular and stimulated echo to encode the B0 
distribution in an interference pattern (repetition time (TR) = 
300 ms, interference stripe distance of 100 Hz, flip angles (FA) 
= 90/130/130°, FOV = 60 mm × 60 mm, matrix size = 256 × 
256, slice thickness = 1 mm). The signal from the sample 
material was measured using a fast 3D gradient-echo sequence 
(TR = 20 ms, TE = 0.59 ms, FA = 25°, FOV = 60 mm × 60 mm, 
matrix size = 128 × 128, slice thickness = 1 mm, NEX = 1, TA 
= 52 s). Finally, as required by [28], the case design is such that 
it avoids sharp changes in the radial attenuation profile as well 
as paths with high amounts of material. 

 

D. MR related performance evaluation  
Initial evaluation of the coil was performed on the bench with 

the coil being loaded with a spherical phantom (inner diameter: 
165 mm, filled with 2 liters of distilled water doped with 1.24 g 
NiSO4 × 6 H2O, 2.62 g NaCl and 2 g KH2PO4 per liter) inside a 
dummy shield identical to the RF screen of the BrainPET insert. 
Measurements taken included input matching of both coil 
systems and loaded to unloaded quality (Q) factor ratios. Q 
factors were acquired as described in [39]. All measurements 
were carried out using a ZVL series network analyzer (Rhode 
& Schwarz, München, Germany). 

The RF coil was evaluated against an unshielded, 
commercially available 1H/31P double resonant coil – similar to 
the one described in [29] but without being optimized for PET 
compatibility. Comparisons were done in terms of specific 
absorption rate (SAR) burden and imaging/spectroscopic 
performance.  

For this purpose, the B1+ transmit efficiency and SAR burden 
of the proposed coil system was evaluated at the two Larmor 
frequencies with the aid of numerical simulations using the 
finite integration technique, as implemented in the CST 
simulation suite (CST AG, Darmstadt, Germany), and a head 
voxel model [40]. These values were then compared with the 
values obtained through identical simulations of the 
commercial 8-rung, double-tuned coil (RAPID Biomedical 

GmbH, Rimpar, Germany). The geometry of the commercial 
coil was reconstructed in the simulator from CT scans of the 
physical coil.  

Proton images and 31P spectra were acquired using the 
phantom described above on a 3 T TRIO system (Siemens 
Healthineers, Erlangen, Germany) with both the proposed and 
commercial RF coils. The corresponding Larmor frequencies of 
1H and 31P at 3 T are 123.2 MHz and 49.9 MHz, respectively. 
The RF transmit power was calibrated and optimized by 
applying a range of RF power which required the same transmit 
power for both the proposed and commercial double-tuned 
coils. Proton images were acquired with a single slice gradient-
echo sequence (TR = 800 ms, TE = 2.33 ms, NEX = 1, slice 
thickness = 5 mm, FA = 30°, FOV = 250 mm × 250 mm, matrix 
size = 128 × 128, TA = 2:33 minutes) in the isocenter and were 
also used for the SNR measurements of the proton channel. 
SNR was computed by dividing the signal mean of the phantom 
area by the noise standard deviation measured with the transmit 
power set to zero (method 2 in [41]) and accounting for 
magnitude image reconstruction. Additional experiments were 
conducted to obtain images acquired using turbo spin-echo and 
B1 maps acquired using a double-angle method in order to 
support the comparison (See Fig. S2 and Fig. S3, respectively). 
31P spectra were acquired using a chemical shift imaging 
sequence (TR = 2 s, TE = 2.3 ms, NEX = 1, voxel size = 30 mm 
× 30 mm × 30 mm with weighted phase encoding, TA = 
4:07 minutes) to calculate the SNR for the phosphorous channel 
and to evaluate the homogeneity of the birdcages. All 31P data 
were processed and SNRs, the signal mean value divided by the 
standard deviation in residual noise, were calculated with 
jMRUI software [42], using the advanced method for accurate, 
robust and efficient spectral fitting [43]. The MR results were 
compared with those of a commercial double-tuned coil. 
Importantly, all measurements using the MR-PET coil system 
developed here required the installation of a dummy RF screen, 
which mimics the shield of the Brain PET insert. 

 

E. PET related performance evaluation 
A dedicated PET scanner (ECAT EXACT HR+, Siemens 

Healthineers, Erlangen, Germany) equipped with rotating 
68Ge/68Ga rod sources (each around 150 MBq) was used to 
measure the attenuation characteristics of the coil at 511 keV. 
Measurements were performed over 10 hours in order to obtain 
high count rate statistics. Data were reconstructed with 
OSEM2D (6 iterations, 16 subsets, no filtering) with a matrix 
size of 256 × 256 and 154 slices, resulting in a pixel size of 2.57 
mm × 2.57 mm and a slice thickness of 2.57 mm. 

 

III. RESULTS 
Table I. Measured Q-factors of the proposed double-tuned coil 

 QUn QL QUn/QL 
1H 230 72 3.2 
31P 310 122 2.5 
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A. MR related performance 
Fig. 4 shows the measured input reflection of both quadrature 

ports as well as the isolation between them. Measurements for 
the proton channel are shown in the top row and those for the 
31P channel are shown in the bottom row. In all cases, matching 
is better than -27 dB and isolation is more than 28 dB. The 
measured quality factors are given in Table I. 

The simulation setup for the evaluation of the specific 
absorption rate is shown in Fig.  5. The B1+ distribution and 10 g 
averaged SAR burden, normalized to 1 W accepted power for 
the 1H and 31P systems, are shown in the sagittal slices below. 
An average |B1+| of 0.672 µT/√1 W was numerically computed 
for the PET compatible coil and a value of 0.634 µT/√1 W was 
computed for the commercial coil at the proton frequency. The 
values for the 31P nucleus are 1.88 µT/√1 W and 1.90 µT/√1 W, 
respectively. Thus, with the power amplifiers available in the 
system, a target |B1+| of 20 µT can be reached for both nuclei 
and with both coil systems. 

On the proton frequency, the PET-compatible coil system is 
limited by its local SAR, allowing a long term averaged 
transmit power of 11.2 W, while the commercial coil is limited 
by the head SAR with a permissible power of 17.0 W averaged 
over 6 min. For the 31P frequency, SAR limits are 13.6 W (local 
SAR limit) and 14.8 W (global SAR limit), respectively. 
Detailed information on these values can be found in 
Supplemental Table S1.  
 

 

 
 
Fig. 4 Tuning and matching of the proposed double-tuned coil (0°: green, 90°: 
blue) and isolation between 0 and 90° channels (orange) for the proton system 
(top) and phosphorous system (bottom). It can be seen that, in all cases, 
matching is better than -27 dB and isolation is more than 28 dB. 
 

 

 
 
Fig. 5 The simulation models of commercial double-tuned coil and the proposed double-tuned MR-PET coil (top row).  Each model was used for the evaluation of 
the B1

+ distribution (middle row) and the specific absorption rate (bottom row). 10 g averaged SAR burden was normalized to 1 W accepted power for the 1H and 
31P channel of both systems and the sagittal slices are shown. 
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Fig. 6 compares the SNR values for the proposed coil with 
those of the commercially available coil, acquired in the same 
scanner. However, in contrast to the commercially available 
coil, the coil developed here was RF shielded by the PET ring. 
As can be seen, despite the tight-fitting RF screen on the 
proposed coil, which reduces the coil’s sensitivity (compare 
Supplemental Fig. S1), the calculated proton SNR is higher than 
that of the commercially available coil. The same holds for the 
SNR obtained with spectroscopic measurements for the 31P 
channels of both coils as shown in Fig. 7. The maximum SNR 
values were 9.29 vs. 6.81 for the proposed coil and the 
commercially available coil, respectively. 
 

B. PET related performance 
The count rate loss with the proposed coil inside the 

BrainPET insert was 5.2%, while this value for the 
commercially available coil was 9.3%. Fig. 8 shows the 
attenuation maps acquired with transmission scans for both coil 
systems in three orthogonal cross sections. 

 
 

 

IV. DISCUSSION AND CONCLUSIONS 
This work demonstrates the successful implementation of a 

double-tuned coil suitable for use in an integrated head MR-
PET system. The results show that this coil can be operated at 
both resonance frequencies without SNR degradation of the 
MR signal and with only a negligible penalty on the PET count 
rate loss. The key factor for good performance in both 
modalities is to find suitable compromises for low gamma 
absorbing materials without significantly increasing the 
associated RF losses. In the case presented here, the major 
benefits result from an optimized geometric layout, the choice 
of case materials and the careful selection of coil conductor 
materials and thicknesses. By applying the aforementioned 
principles, the double resonant MR coil exhibited an overall 
count rate loss of 5.2%, which is better than that reported in [24, 
27], where count rate losses of 17% and 9.1% were given. Also, 
despite reports on increased radiation doses in LINAC systems 
when inserting copper traces [46], the PCB traces of 35 µm 
thickness did not contribute to significant PET attenuation in 
our case. This is also why no attempts were made to use a 
conductor material with lower absorption, such as aluminum. 
Moreover, several reports indicate significant SNR degradation 
when aluminum is used, e.g. [26, 46]. 
 

 
 

 
 
Fig. 6 Comparison of 1H SNR values – proposed coil (left) and commercial 
coil (right). The calculated proton SNR is higher than that of the commercially 
available coil, despite the tight fitting. 
 
 

 
 
Fig. 7 31P spectra (left) with the calculated SNR values (right) – proposed coil 
(top, max: 9.29) and the commercial coil (bottom, max: 6.81). As can be seen, 
the maximum SNR values were 9.29 for the proposed coil and are, on average, 
higher than those of the commercially available coil. 

 
 
Fig. 8 Attenuation maps of the proposed coil system (top) and the commercial, 
double-tuned birdcage coil (bottom) in three orthogonal cross sections. The 
count rate loss with the proposed coil inside the BrainPET insert was 5.2%, 
compared to 9.3% for the commercially available coil. 
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The MR performance of the proposed coil system has been 
demonstrated to be comparable to or better than that of a 
similar, commercially-available, double-tuned coil. Moreover, 
this is true, even though the PET compatible design operates in 
the RF screened environment of the PET insert and screening is 
known to reduce SNR in MR experiments. It is expected that, 
when used with a PET screen, the commercially-available coil 
would show worse performance figures than those reported 
here without a screen.  

Overall, the investigations performed here show that the coil 
system is well suited to a MR-PET system without causing 
significant performance degradations in either modality. 
Moreover, in MR operation, it provides high SNR for both 
nuclei, which is a crucial design goal, even when building MR-
only, double-tuned coil systems. Having demonstrated good 
performance in phantom investigations, the next step is to 
obtain clearance for in vivo investigations. 
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