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Microstrip Transmission Line RF Coil for a PET/MRI Insert
Md Shahadat Hossain Akram’, Takayuki Obata, and Taiga Yamaya

Purpose: We proposed and developed a new microstrip transmission line radiofrequency (RF) coil for a
positron emission tomography (PET) insert for MRI, which has low electrical interactions with PET shield
boxes. We performed imaging experiments using a single-channel and a four-channel proposed RF coils for
proof-of-concept.

Methods: A conventional microstrip coil consists of a microstrip conductor, a ground conductor, and a
dielectric between the two conductors. We proposed a microstrip coil for the PET insert that replaced the
conventional single-layer ground conductor with the RF shield of the PET insert. A dielectric material,
which could otherwise attenuate gamma photons radiated from the PET imaging tracer, was not used. As
proof-of-concept, we compared conventional and the proposed single-channel coils. To study multichannel
performance, we further developed a four-channel proposed RF coil. Since the MRI system had a single-
channel transmission port, an interfacing four-way RF power division circuit was designed. The coils were
implemented as both RF transmitters and receivers in a cylindrical frame of diameter 150 mm. Coil bench
performances were tested with a network analyzer (Rohde & Schwarz, Germany), and a homogeneous
phantom study was conducted for gradient echo imaging and RF field (B,) mapping in a 3T clinical MRI
system (Verio, Siemens, Erlangen, Germany).

Results: For all coils, the power reflection coefficient was below —30 dB, and the transmission coefficients in
the four-channel configuration were near or below —20 dB. The comparative single-channel coil study
showed good similarity between the conventional and proposed coils. The gradient echo image of the four-
channel coil showed expected flashing image intensity near the coils and no phase distortion was visible.
Transmit B, field map resembled the image performance.

Conclusion: The proposed PET-microstrip coil performed similarly to the conventional microstrip trans-
mission line coil and is promising for the development of a compact coil-PET system capable of simulta-
neous PET/MRI analysis with an existing MRI system.

Keywords: parallel transmission RF coil, microstrip transmission line, PET-strip coil, magnetic resonance

imaging, PET insert

Introduction

For more than two decades, studies on multimodal medical
imaging'= have shown immense success in the areas of
diagnostic accuracy and therapy monitoring. The integration
of computed tomography (CT) with positron emission
tomography (PET)* or single-photon emission computed
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tomography? has seen vast clinical applications. Specifically,
these systems have become common in clinical practice in
oncologic and psychiatric studies.*” One of the major rea-
sons for this growing interest in multimodal imaging is to
obtain complementary diagnostic information from different
systems in a combined single-bed imaging protocol. For
example, in a tandem single hybrid PET/CT system, anatom-
ical images of a patient provided by a CT scanner are com-
bined with metabolic images provided by a PET scanner.
This hybrid imaging approach improves the accuracy of cancer
diagnosis and phenotyping through the analysis of biochem-
ical changes of cancer cells within the anatomical framework
of a patient. Nevertheless, CT scanning is conducted before
PET scanning in these sequential imaging systems.

Although anatomical MRI has been used in most PET/
MRI studies, a hybrid PET/MRI system’!? has shown
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several potential advantages over the PET/CT and SPET/CT
systems: a reduction in radiation exposure from CT,!3!4
simultaneous multimodal imaging, superior soft-tissue contrast
by MRI, and functional MRI and magnetic resonance spec-
troscopic (MRS) imaging by the same MRI system.”!> Some
studies have recently reported on PET/MRS imaging as
well.'*18 Although the whole-body PET/MRI system became
available in 2010, recent growing interest in the develop-
ment of a low-cost PET insert (such as a brain PET) for
existing MRI systems'** has created a potentially dominant
new research field in multimodal medical imaging research.
However, in all these PET insert developments, a single-
channel volume radiofrequency (RF) coil (e.g., birdcage RF
coil) was implemented as a transmitter. This approach was
required to implement a separate multichannel surface RF
coil for high-sensitive RF reception, which is a common clin-
ical imaging practice. From the PET imaging perspective,
this approach increases the photon attenuation by the two
sets of RF coils. From the RF compatibility perspective, this
strategy increases the diameter of the PET ring to provide
enough space for the efficient performances of both the trans-
mitting and receiving coils. Moreover, a single-channel
transmit RF coil is not feasible for ultrahigh field (UHF) MRI
applications, as destructive RF interference dominates at
UHF, and a multichannel transmit approach (e.g., transmit
SENSE) is the state-of-the-art solution.?>-3!

Conventionally, detectors and front-end electronics of a
PET insert are RF shielded to avoid electromagnetic (EM)
interference between the two systems.!** In this study, we
developed a novel design of a microstrip transmission line RF
c0il?’3% that combines the RF shield of a PET detector module
with a microstrip conductor that acts as a transmission line
coil. The conventional microstrip coil consists of two metal
conductors (one is a microstrip conductor, and the other is a
ground conductor) and a dielectric between the two conduc-
tors.”” This study considered the RF shield of the PET detec-
tors as the ground conductor for the microstrip coil, which
reduces the amount of RF shielding that would otherwise be
required if a separate microstrip RF coil is designed for a PET
insert for an MRI system. The reduction in RF shield mate-
rials is important for a reduced gradient eddy current effect,??
which is one of the major design challenges for PET insert
researchers.!*2° Moreover, the combined PET-microstrip coil
modality should be a compact single multimodal device that
can be mounted with ease on an existing patient bed of an
MRI scanner similar to the extremity RF coils, such as the
head RF coil. Since the combined system is a single PET-coil
module with minimal coil components, it should have min-
imal photon attenuation in the RF coil (e.g., only microstrip
conductor) and would provide strong mechanical support.
The RF compatibility of the proposed coil should be simpler
than that of the conventional two separate RF coil approaches.

Furthermore, a single-channel volume RF coil depends
on geometric symmetry that limits the design choice of PET
geometry, such as a cylindrical brain PET insert to be used
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with a cylindrical birdcage RF coil.!*2* The proposed coil
would enable designing asymmetric PET-coil geometries;
for example, designing a semioval PET insert to be used
above the patient bed for pediatric imaging. It would be suit-
able for ultrahigh field applications as well. On the other
hand, compared with that of the loop coil, the number of
coils in the multichannel configuration increases with the
microstrip coils that require relatively simple decoupling
between the coils.?®3! An increase in the transmit loop coil
elements results in a reduction in loop size that would other-
wise reduce the depth sensitivity of each coil.?® In case of the
proposed microstrip coil, the ground plate (here, the PET
detector shield box) is part of the coil and can be moved
closer to the microstrip conductor.®> However, for a surface
coil, this very close positioning of the PET shield as a sepa-
rate component would have adverse effects, like the reduc-
tion of transmit field homogeneity and a requirement for very
high RF power.** Moreover, the presence of a B, component
in the surface coil absorbs high levels of RF power and
increases power deposition.* Furthermore, using the surface
transmitting RF coil for the PET insert would be similar to
the conventional design approach of separate RF coil and
PET insert that requires precise positioning of both modules
and would make the system sensitive to mechanical vibration
and rotation due to gradient fields.

As a proof of our concept, we first performed a compara-
tive study using two single-channel microstrip RF coils,
where one coil was constructed according to the conventional
approach and the other coil was constructed according to the
proposed approach. Then, we developed a four-channel pro-
posed PET-strip coil to evaluate the multichannel perfor-
mance. The coils were designed considering our available 3T
clinical MRI system (Verio, Siemens, Erlangen, Germany).
This study explains the coil design details, its bench perfor-
mances, and the phantom imaging of a gradient echo (GRE)
sequence and the RF transmit (B,) field response. All coils in
this study were implemented as both an RF transmitter and
receiver. Previous studies on receive-only multichannel RF
coils dedicated for PET/MR studies can be found in the litera-
ture.>>3¢ To the best of our knowledge, this is the first study
focused on the development of a PET insert dedicated to par-
allel transmit/receive RF coil targeting for PET/MR analysis.

Materials and Methods
Coil design

Following the calculation approach described in Lee et a
we calculated the design parameters for the conventional
microstrip coil, and the design parameters for the proposed
coil were estimated based on those values. For more detail on
the basics of the microstrip transmission line, interested
readers can review the references.?’” A comparative schematic
representation of the conventional and proposed coils is
shown in Figs. 1a and 1b, respectively. In the proposed coil,
the ground conductor (shown in Fig. 1a) was replaced with the
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Fig. 1 Schematics of (a) the conventional microstrip transmission
line; (b) the proposed positron emission tomography (PET)-strip
transmission line; and (c) the RTL design of the PET-strip coil that
used two shunt capacitors along the strip to limit the coil length to
the axial imaging dimension (250 mm in this study) of interest. The
RF shield box of the PET detector module was used as the ground
conductor for the proposed microstrip coil. RTL, reduced-length
transmission line; RF, radiofrequency.

RF shield of the PET detector module, as shown in Fig. 1c.
Although a microstrip transmission line can be constructed
with only the microstrip conductor, the ground conductor
and dielectric materials, in which the dimensions of these
components and their electromagnetic properties can deter-
mine the coil resonance frequency and other performance
parameters,?’?® the implementation of multiple shunt capaci-
tors (e.g., Fig. 1¢) between the two conductors is required?®-3°
to design a coil for the NMR resonance frequency of interest
for MRI systems, with the practical consideration of the lim-
ited axial length of the targeted imaging region. This type of
microstrip transmission line deploying two or more shunt
capacitors along the strip is described in Lee et al.?® as a
‘reduced-length transmission line (RTL)’.

For this study, we considered the axial length of the coil
to be 250 mm. The other dimensions of the microstrip con-
ductor were a width of 10 mm and a thickness of 35 um. The
width of the ground plane for the conventional coil was
selected as 40 mm. The calculated®® gap between the micro-
strip and ground conductors to tune the coil to the required
resonance frequency was 12 mm. The calculation of the
design parameters was performed without consideration of
dielectric materials in the gap, which was kept filled with air
to avoid possible gamma photon attenuation and scattering in
the dielectric materials that would otherwise reduce the sen-
sitivity of the PET images.!**33* The dimensions of the PET
detector shield box were selected as 250 x 40 x 30 mm?, as
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shown in Fig. 1c. Additionally, 35-pm-thick copper printed
circuit board was used as the conducting material for all coil
construction. Images of the developed PET-strip coil are
shown in Figs. 2a and 2b. There are several opening slits
(that were covered by copper mesh) on one end-face of the
shield box (left end in Fig. 2a, not shown) for the purpose of
air cooling of the PET detector electronics and a 20-mm-
diameter opening on the other end-face (right end in Fig. 2a)
for access to the PET detector data and power cables inside
the shield box. A 0.5-mm-thick aluminum pipe with a length
of 20 mm was used on the right end-face to connect the shield
box with the PET detector cable shields (e.g., copper tube).
An image of the four-channel coil inside the MRI bore is
shown in Fig. 2b. Figure 2c¢ shows the PET-strip coil with
shunt capacitors implemented in this design. On both ends of
the strip, we implemented a parallel combinationn of fixed-
value (10 pF) ceramic capacitors and variable trimmer
capacitors (1-16 pF). These design values were chosen based
on calculations described in Lee et al.?® and Nelatury et al.*®
The same capacitors were also implemented to design the
single-channel conventional microstrip coil.

Multichannel coil interface for the existing
one-channel transmit system

All the coils in this study were implemented as both a trans-
mitter and receiver. The four-channel coil was implemented in a
cylindrical orientation with an inner diameter of 150 mm and an
equal angular distance of 90°. Our 3T MRI system was equipped
with a single-channel RF transmission and a 32-channel recep-
tion system. For the four-channel PET-strip coil, we developed
an interfacing circuit that included a four-way RF power

__ 3

——CTTip conductor

(a) Photographs of one PET-strip coil (b) 4-channel PET-strip coil

inside MRI bore

PET detector RF shield box

1~16 pF# =10 pF

Microstrip conductor

10 ',,;{} 1~16 pF

(¢) Implemented PET-strip coil (dimensions not scalable)

Fig. 2 (a) Images of the proposed PET-strip coil. (b) The four-channel
coil in a cylindrical orientation with an inner diameter of 150 mm.
(c) A schematic of the proposed coil with shunt capacitors. PET,
positron emission tomography.
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divider, low noise preamps, and transmit/receive (T/R) switches.
A schematic of the interfacing circuit is shown in Fig. 3a. For
this study, we developed a customized low-cost 4-way RF
power divider capable of a 90° phase shift between the coils
using 90° hybrid circuits that are conventionally used with a
quadrature mode volume RF coil that splits the single-
channel transmit signal from the MRI RF driver to an in-
phase (0°) signal and a 90° out-of-phase signal. A schematic
representation of the power divider and the phase shifter is
shown in Fig. 3b. An interfacing circuit for the comparative
single-channel study was developed separately. The coil and
the interfacing circuits were manufactured in Takashima Sei-
sakusho Co., Ltd., Tokyo, Japan.

Experimental study

For a comparative study between the conventional microstrip
coil and the proposed PET-strip coil, GRE images were gener-
ated with a homogeneous bottle phantom (NaCl and distilled
water solution) with an axial length of 120 mm, a width of 80
mm and a depth of 50 mm. A 200-mm-long and 110-mm-
diameter cylindrical homogeneous phantom (per 1000 g dis-
tilled water: 3.75 g NiSO, x H,0 + 5 g NaCl) was used to
investigate the coil bench performances to generate a GRE
image and transmit B, field responses of the four-channel coil.
GRE images were acquired for the following sequence param-
eters: TR = 600 ms, TE = 4 ms, slice thickness = 5 mm, flip
angle = 30°, image matrix = 128 x 128, transverse FOV for the
bottle phantom = 120 mm, transverse FOV for the cylindrical

MRI bed
connection

T/R switch [==Coil #4

Tx | Transmit {4.way RF power
divider

T/R switch p== Coil #3
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F Rx1
I
.

Rx4

Rx3
Rx

=]

/R SWitCh fem(oj] #
3 Low noise
< 1fier P, .
& amplifiers ) | T/R switch =Coil #1
(a) Schematic of the interfacing circuit connecting the 4-channel coil to the MRI
system (that is equipped with 1-channel transmit and multichannel receive).

0 deg >0 deg
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0 deg —!
I'x (IN)—{ 90 deg Hybrid
= 0 deg 180 deg

90 deg [ 90 deg shifter 90 deg Hybrid

90 deg 270 deg

90 deg -+90 deg

T
I'x (OUT)

(b) Schematic of the custom-designed 4-way RF power divider shown in figure (a).

Fig. 3 (@) A schematic of the interfacing circuit developed to be
used with our single-channel transmitter and 32-channel receiver
MRI system. (b) A schematic of a custom-designed 4-way RF power
divider that implements a conventional 90° hybrid for power divi-
sion to four PET-strip coils. PET, positron emission tomography; RF,
radiofrequency.
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phantom = 150 mm, and transaxial FOV for the bottle phantom
= 150 mm. For B, field mapping, separate two-dimensional
GRE transverse magnitude images were acquired at 30° and
60° flip-angles and a TR of 3000 ms, with all other parameters
similar to those used for the GRE imaging. From the two mag-
nitude images, B, field maps were calculated using the double-
angle method.?** In the case of a single-channel study, the
coronal B, field was measured, whereas the transverse B, field
was measured for a four-channel coil. Moreover, to investigate
the effect of the PET cable RF shield on the coil performance,
imaging measurements were acquired with the single-channel
PET-strip coil for two different orientations of the cable shield
connected to the shield box and compared with the results
without the cable shield case. PET detector electronics were
not included in this study. A network analyzer (Rohde &
Schwarz, Germany) was used to tune and match all the coils
to 123.22 MHz and 50 Q. To confirm the RF power transmis-
sion coefficients, a 15-mm-diameter pickup coil was used in
this study.

Results

Figure 4 shows comparative transverse and sagittal GRE
images for the single-channel conventional microstrip and
the proposed PET-strip coils. This study was conducted for the
coil position on the lower side of the phantom. For both the
coils, the reflection coefficient (S,,) was approximately —30 dB.

Microstrip coil PET-strip coil

Coil position

Coil position

(a) Transverse plane

(b) Sagittal plane

Fig. 4 Gradient echo images for the conventional single-channel
microstrip coil (left column) and the proposed single-channel PET-
strip coil (right column). PET, positron emission tomography.
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A comparison of flip-angle line profiles in the axial direction
is shown in Fig. 5a. Both the images and flip-angle responses
revealed nearly similar performances for both types of the
coils. Image intensity line profiles for different orientations
of the PET cable RF shields for the PET-strip coil did not
show significant variations from the case without the cable
shield (Fig. 5b), although there was a slight fluctuation in the
S,, parameter.

Table 1 lists the RF power reflection (S,,, etc.) and trans-
mission coefficients (S,,, S,, etc.) for the four-channel coil in
a cylindrical orientation with a phantom. Because there was a
large gap between the coils, we did not implement any decou-
pling circuits in this study. For all the coils, the reflection coef-
ficients were below —30 dB. The transmission coefficients
between the nearest coils were approximately —20 dB,
whereas they were below —25 dB between the other coils.

The transverse plane GRE image for the four-channel
coil is shown in Fig. 6a. A typical flashing image intensity
is clearly visible for the imaging regions near the four
coils, whereas the signal intensity dropped significantly for

a 30
25 P e O
~ \
E 4 \'\"{\
2 20 1
)
g 15
s |
=10 I
|
5 | === Proposed PET-strip coil
— Conventional microstrip coil
0 '

Pixels along the axial direction (imaging length: 200 mm)
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regions between the coils. A flip-angle map for the region
of interest (ROI) shown within the dotted circle in Fig. 6a
is shown in Fig. 6b. For the central 60-mm-diameter
imaging region, the B, field homogeneity was 88%, and the
average flip-angle was 31°, in which the nominal flip-angle
was 30°.

Table 1 S-parameters (in dB) for the four-channel coil
for the phantom-loaded condition

Coil#1 Coil#2 Coil#3 Coil#4
Coil#1 Si i Sy Siy
-33 -19 -24 -24
Coil#2 Sy Sy Sy Sy
=17 -29 -19 -35
Coil#3 Sy S5 S35 S34
-23 -19 -33 =25
Coil£4 Sy Si Si3 S
-24 -36 =25 -32
b
—— without cable shield
- \ ——— (able shield orientation-1
f'_; \ ——— Cable shield orientation-2
z \
a \
% 3
\
/ '\\

Pixels along the transaxial direction

Fig. 5 (a) Comparative flip-angle line profiles for the conventional and proposed single-channel coils and (b) comparative image intensity
line profiles for the single-channel positron emission tomography (PET)-strip coil without the PET detector cable radiofrequency (RF) shield
and with two different orientations of the PET detector cable RF shield.

A

i

(a) Gradient echo image
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(b) Transverse B, (flip angle) map

60
50
m
2
40 é‘)
Py
30 2 .
< Fig. 6 (a) A transverse gradient echo
B (GRE) image of the four-channel pos-
20 ™ itron emission tomography (PET)-strip

coil. A typical flashing image intensity

10 was observed for the region of interest
(ROI) near each coil. (b) A transverse
flip-angle distribution map is shown
for the ROI within the dotted circle
shown in (a).
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Discussion

In this study, we developed a proof of concept of a com-
bined PET-microstrip four-channel transmitting/receiving RF
coil designed for a PET insert in an MRI system. Imple-
mentation of parallel RF transmission coils has mostly been
observed in UHF MRI systems, 26313334 in which relatively
small dimensions of RF wavelengths compared with
imaging dimensions of interest require RF shimming of the
transmitted field to achieve a homogeneous field distribu-
tion in the ROI, which is possible to achieve with a multi-
channel transmit coil by manipulating the amplitude and
phase of RF pulses in each coil. One of our goals for this
work was to develop a multichannel PET-strip coil insert
for a simultaneous PET/MRI investigation using a UHF
MRI system, such as a 7T MRI. At a UHF, because of the
large magnetic field strength, the MRI signal-to-noise ratio,
image contrast, and spectral resolution increase signifi-
cantly, which seems to be unachievable by other means.?%’
Currently, we have only a 3T MRI facility, and the pro-
posed PET-strip coil was developed for this 3T MRI system
as a proof of our concept. We plan to work with a UHF MRI
system in the near future.

This study implemented four PET-strip coils that cov-
ered half of the periphery of the imaging region, and the
image intensity for regions in between two coils was found to
be significantly low. To improve the RF performance for the
whole imaging region and for PET imaging considerations,
we would need to add additional PET-strip coils between the
four coils, which we plan to consider in our future work. For
a proof of concept, we designed a low-budget four-channel
coil in this study. For the practical case of brain imaging (for
example) with UHF MRI, we would require approximately
16 or more of these PET-strip coils.

Conclusion

A novel concept of a microstrip transmission line RF coil
was proposed for a PET insert for MRI that combines the RF
shield of the PET insert as a basic component of the coil.
Compared with the conventional microstrip coil that consists
of a strip conductor and a single-layer ground conductor, the
proposed PET-strip coil implemented the RF shield of a PET
insert detector module as the replacement for the single-layer
ground conductor. A comparative study between the conven-
tional microstrip coil and the proposed PET-strip coil
revealed nearly similar performances of the two types of
coils. We also investigated a four-channel PET-strip coil. As
the MRI system is equipped with a single-channel transmis-
sion port, we developed a custom 4-way power divider for
this study. The four-channel coil showed promising results in
terms of GRE imaging and B, field performances. For the
practical scenario of brain imaging, approximately 16 or
more of these PET-strip coils would be required, and we plan
to conduct that study in the near future.
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