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Original Article

Design of catheter radio frequency coils using coaxial 
transmission line resonators for interventional neurovascular MR 
imaging
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Jeffrey Hu1, Mark Wilson1, Daniel Cooke1, Steven W. Hetts1
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Background: It is technically challenging to design compact yet sensitive miniature catheter radio 
frequency (RF) coils for endovascular interventional MR imaging. 
Methods: In this work, a new design method for catheter RF coils is proposed based on the coaxial 
transmission line resonator (TLR) technique. Due to its distributed circuit, the TLR catheter coil does not 
need any lumped capacitors to support its resonance, which simplifies the practical design and construction 
and provides a straightforward technique for designing miniature catheter-mounted imaging coils that are 
appropriate for interventional neurovascular procedures. The outer conductor of the TLR serves as an RF 
shield, which prevents electromagnetic energy loss, and improves coil Q factors. It also minimizes interaction 
with surrounding tissues and signal losses along the catheter coil. To investigate the technique, a prototype 
catheter coil was built using the proposed coaxial TLR technique and evaluated with standard RF testing 
and measurement methods and MR imaging experiments. Numerical simulation was carried out to assess the 
RF electromagnetic field behavior of the proposed TLR catheter coil and the conventional lumped-element 
catheter coil. 
Results: The proposed TLR catheter coil was successfully tuned to 64 MHz for proton imaging at 1.5 T. 
B1 fields were numerically calculated, showing improved magnetic field intensity of the TLR catheter coil 
over the conventional lumped-element catheter coil. MR images were acquired from a dedicated vascular 
phantom using the TLR catheter coil and also the system body coil. The TLR catheter coil is able to provide 
a significant signal-to-noise ratio (SNR) increase (a factor of 200 to 300) over its imaging volume relative to 
the body coil. 
Conclusions: Catheter imaging RF coil design using the proposed coaxial TLR technique is feasible and 
advantageous in endovascular interventional MR imaging applications. 
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Introduction

The use of catheter-based radio frequency (RF) coils 
for interventional MRI application, while invasive, has 
significant advantages over using conventional external 
RF coils as the signal detector (1-12). An endovascular RF 
device offers improved detection sensitivity as a result of its 
proximity to the imaging target, providing high efficiency of 
the RF magnetic fields (i.e., B1 fields) generated by the coil 
and improved filling factors. In endovascular interventional 
imaging procedures, catheter mounted RF coils must be 
physically small in order to meet the spatial constraints 
imposed by the catheter host to navigate the vessels. This 
poses technical challenges in designing efficient catheter 
coils. Conventional catheter RF coil design using lumped 
elements often requires a capacitor in the coil tip area to 
support resonance and enhance the coil’s B1 fields and thus 
detection sensitivity. The requirement for lumped capacitors, 
which are usually large in size, makes it challenging 
to incorporate such bulky structures into miniature 
endovascular devices. Additionally, the long, conductive 
leads of the coil are part of the coil resonant circuit and 
can dissipate MR signals, introduce noise, and also create 
a safety hazard by heating surrounding tissues (12).  
The long, unshielded leads can also make the coil resonance 
unstable and consequently degrade imaging performance.

In this work, we propose a new design method of 
miniature catheter RF coils for endovascular interventional 
MR imaging. The design is based on short-circuit 
transmission line resonator (TLR) technology. Unlike 
the conventional lumped element LC resonant circuit, 
the transmission line is a distributed circuit, capable of 
providing efficient signal detection, compact coil structure, 
and no need to have lumped capacitors to support resonance 
(13-18). Due to the unique two-conductor structure, TLR 
RF coils have reduced radiation losses, increased quality 
factors, and is an unbalanced circuit allowing much more 
stable resonance. Furthermore, TLRs, particularly coaxial 
transmission lines, can shield RF fields from surrounding 
tissues, ultimately reducing RF field deposition, tissue 
heating and noise contributions from adjacent tissues 
along the coil structure (10,11). To investigate this new 
design method, a prototype catheter coil using a short-
end TLR was designed and constructed for endovascular 
interventional MR imaging at 1.5 T. Coil parameters. 
Including resonance frequency, impedance matching, 
resonance detuning, and signal-to-noise ratio (SNR), 
were assessed in vitro using standard RF measurement 

technology. A prototype design was also validated through 
MR imaging experiments on a clinical 1.5 T MR scanner. 

Methods

In principle, a coaxial transmission line with finite length 
is a resonator. When one end of the coaxial transmission 
line is terminated by a short-circuit, it forms a short-end or 
short circuit TLR. Practically the short circuit is realized by 
a piece of copper wire. 

If the length of the copper wire is short enough, the 
inductance and the resistance of the wire can be ignored and 
the wire can be modeled as a short circuit. In this case, the 
coaxial transmission line structure becomes a short-ended 
TLR. Its equivalent circuit is shown in Figure 1. According 
to the equivalent circuit, the resonant frequency of a short-
end coaxial transmission resonator can be expressed as (19).

4 r

cf =
L ε

where c is the speed of light in free space; L is the physical 
length of the TLR; and εr is the relative permittivity of the 
dielectric material of the coaxial transmission line.

In this work, a shorted circuit coaxial TLR was 
constructed by shorting one end of a piece of 50-Ohm low 
loss coaxial transmission line (G01130HT, Huber + Suhner, 
Switzerland) which has a diameter of approximately 2.8 mm. 
The short circuit was implemented by using a small copper 
loop with a diameter of ~3–4 mm. The resistance and 
inductance of the copper loop at 64 MHz is negligible and 
thus it was modeled as a short circuit. The resonator’s other 
end, which is open, was connected to the feeding circuit, 
including tuning and matching components and also a 
detuning circuit containing PIN diodes. With the detuning 
function, the catheter coil is able to be used in a platform of 
body coil transmit and catheter coil receive. At the shorted 
end of the coaxial TLR, the current reaches a maximum 
and the voltage goes to zero, as illustrated in Figure 1. 
This feature is desired in MR imaging, providing high B1 
sensitivity and low tissue heating at this critical location. 
Figure 2 shows the schematic of the short-circuit TLR 
and the prototype catheter coil operating at 64 MHz for 
proton imaging at 1.5 T. To understand the behavior of this 
coaxial transmission line catheter coil, the B1 intensity and 
distribution of the coaxial TLR catheter coil was compared 
to a conventional lumped-element catheter coil with two 
parallel leads. Each circuit was modeled with the finite 
difference time domain (FDTD) (20) numerical calculation 



189Quantitative Imaging in Medicine and Surgery, Vol 7, No 2 April 2017

© Quantitative Imaging in Medicine and Surgery. All rights reserved. Quant Imaging Med Surg 2017;7(2):187-194qims.amegroups.com

algorithm (21-26). The calculations were performed in the 
loaded case. The resonance frequency, impedance matching, 
and detuning of the prototype catheter coil were measured 
in vitro with a network analyzer. 

The system setup for MR imaging experiment to further 
test the imaging abilities of the proposed design is indicated 
in Figure 3. A conventional whole body MR scanner (Philips 
Achieva, Best, the Netherlands) was used with body coil 
transmission. In the system configuration of body coil 
transmit and receive, the catheter RF coil was in the magnet 
but not connected to the scanner. The system body coil was 
connected in quadrature to generate circularly polarized B1 
fields for transmit and also receive. In the configuration of 
body coil transmit and the TLR catheter coil receive, during 
the transmission phase, the body coil is active and the TLR 
catheter coil is detuned. During the signal reception phase, 
the body coil is detuned by the scanner detuning device and 
the TLR catheter coil is tuned and active. All MR imaging 
experiments were performed using the prototype catheter 
coil with a vascular phantom (the details are shown in 
Figure 4). A simple gradient echo sequence was used in all 
imaging acquisitions. As a comparison, imaging with body 
coil transmit and receive was conducted using the same 

phantom and same acquisition parameters with the presence 
of the catheter coil. 

Results

A prototype catheter coil was successfully constructed and 
tuned. Reflection coefficient S11 measurements taken on 
the network analyzer show a well-defined resonance of 
the prototype catheter coil. Its resonance frequency was 
successfully tuned to 64 MHz, the Larmor frequency of 
proton at 1.5 T, and the input impedance of the coil was 
matched to the system 50 Ohm with a reflection coefficient 
of better than −30 dB. The unbalanced circuit of the coaxial 
transmission resonator sufficiently suppresses the common 
mode currents along the catheter coil structure, yielding a 
stabilized resonance and impedance. B1 field calculations 
using a FDTD algorithm indicated an expected field 
distribution of the circular loop current as shown in Figure 5.  
The B1 field intensity of the proposed TLR catheter coil 
was 6 times stronger than that of the conventional lumped 
element catheter coil with the same coil size. This gain in 
B1 results mainly from the coaxial structure that confines 
a large portion of the magnetic fields within the outer 
conduction of the coaxial transmission line. 

Figure 6 shows the preliminary MR imaging results 
acquired using the MR system body coil transmit and 
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Figure 1 Circuit diagram of a coaxial transmission line resonator 
with a short-ended circuit. The resonant frequency can be tuned 
by using a tunable capacitor (Ct) connected in parallel at the other 
end of the transmission line resonator. One of the approaches 
to feeding the resonator is to use a capacitor connected in series 
as indicated in this figure. This resonator can be fed by using 
a capacitor (Cm) connected in series. In the circuit, Z0 is the 
characteristic impedance of the coaxial transmission line, β is the 
propagation constant, and L is the length of the transmission line. 

Figure 2 Schematic (A) and photograph (B) of the prototype 
catheter RF coil using transmission line resonator design for 
endovascular interventional MR imaging at 1.5 T. RF, radio 
frequency.
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Figure 3 Schematic diagram of the imaging experiment setup of body coil transmit and receive (A) and body coil transmit and catheter coil 
receive (B). During body coil transmitting, the catheter coil is detuned while during catheter coil receiving, the body coil is detuned. RF, 
radio frequency.
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Figure 4 Vascular phantom used for the imaging validation 
experiments at 1.5 T.
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Figure 5 1D plots of B1 fields calculated along the dashed white 
line in the image for TLR catheter coil (left) and a conventional 
lumped circuit catheter coil (right). The proposed TLR catheter 
coil achieved 6-fold B1 gain over the conventional lumped element 
catheter coil. TLR, transmission line resonator.
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receive, and system body coil transmit and the TLR catheter 
coil for receive. As expected, the TLR catheter coil locally 
achieves much higher SNR than that of the body coil. In 
the aspect of B1 distribution, the image acquired using the 
TLR catheter coil shows a typical B1 pattern of a local coil 
or surface coil. These imaging results demonstrate that 
the proposed TLR coil technique is feasible in designing 
catheter RF coils. Profiles taken through the center of the 
catheter coil demonstrate the relative performance of the 
catheter coil to the body coil for signal reception (Figure 7). 
The SNR along the red dashed line was calculated by using 
the signal intensity along the red dash line on each image 
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Figure 7 Sensitivity profiles (1D) of the body coil (A) and the TLR catheter coil (B). Note that the scale on the right profile is 100 times 
greater than the left. TLR, transmission line resonator.
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Figure 6 Vascular phantom imaging study using body coil 
transmission with presence of the TLR catheter coil (A) shows 
excellent decoupling of the catheter coil. By using the TLR 
catheter coil to receive and body coil transmission, high SNR 
imaging can be obtained (B). TLR, transmission line resonator; 
SNR, signal-to-noise ratio.
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divided by the standard deviation of the noise measured in 
the rectangular box shown in the images (Figure 6). The 
noise standard deviations of the images (Figure 6A,B) were 
57.45 and 1.73, respectively. With the same acquisition 
parameter, catheter coil reception has an approximately 
200- to 300-fold SNR gain over imaging with body coil 
reception. For this result, a better illustration is shown in 
Figure 8. In endovascular interventional imaging using the 
miniature catheter RF coils, imaging coverage is a critical 
parameter in coil design, requiring a reasonably large 
imaging coverage to cover the area of interest. Based on the 
imaging results shown in Figures 6,7, imaging coverage of 
this 3-mm diameter catheter coil may reach the 8–10 mm  
level, which is sufficient to image vessels with inner 
diameters of approximately 5–8 mm and the perivascular 

environment.
Decoupling performance of the catheter coil during body 

coil transmission is also critically important. Insufficient 
decoupling could lead to distorted MR images and 
degraded detection sensitivity. Figure 9 shows two images 

Figure 8 The top inset is a plot of the SNR comparison between 
the transmission line resonator catheter coil and the body coil. The 
TLR catheter coil provides a significant SNR increase (a factor 
of 200 to 300) over its imaging volume relative to the body coil. 
The bottom inset is a representative image acquired by using the 
proposed TLR catheter coil in a vascular phantom with nominal 
vessel diameter of 1 cm. TLR, transmission line resonator; SNR, 
signal-to-noise ratio.
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acquired at two different positions along Z-direction (i.e., 
B0-direction) or catheter axis direction from the body coil 
and the TLR catheter coil. Minimal MR signal difference 
can be observed in the area of the catheter loop. This is 
indicative of effective decoupling of the body coil and the 
TLR catheter coil. As shown in Figure 3, the decoupling 
in the coil system used in this study is achieved by the two 
detuning systems in the scanner body coil and the catheter 
coil, respectively. 

 

Conclusions

A new design method of catheter RF coils for endovascular 
interventional MR imaging was successfully developed and 
validated at 1.5 T. Bench tests and MR imaging results 
demonstrated the feasibility and advantages of the coaxial 
TLR technology in achieving a miniature catheter RF 
coil for endovascular interventional imaging. In contrast 
to conventional lumped-element catheter coil designs, 
the coaxial transmission line does not require discrete 
capacitors to achieve resonance, making it more practical 
to build with a small physical profile. The unique feature 
of short-end TLRs is that their voltage and current 
distributions offer high B1 fields and low E-fields near the 
area of the catheter tip, which is advantageous in achieving 
sensitive yet safe detection in endovascular imaging 
procedures. 

One of the challenges in endovascular interventional 
imaging is to gain a sufficiently large imaging area to cover 
the vessel wall and possibly some adjacent tissues by using 
the size-limited catheter-mounted coil. Usually the catheter 
coil is formed by a loop-type circuit of which the B1 pattern 
is exactly the same as that of a regular surface coil. Higher 
coil sensitivity or coil Q factors would help to improve 
the MR signals in the far end of the imaging profile, 
resulting in enlarged effective imaging coverage while 
keeping the coil loop diameter unchanged. The long leads 
of conventional lumped-element catheter coils are part of 
their resonant circuit, and have a strong interaction with the 
surrounding tissues along the catheter leads. In contrast, the 
outer conductor of the coaxial TLR serves as an RF shield 
and prevents electromagnetic energy loss, thus helping 
to achieve higher Q factors and stronger B1 fields in the 
targeted imaging area. Therefore, with the same coil size, 
the TLR catheter coils should be able to achieve a larger 
imaging coverage than that of the conventional lumped-
element catheter coils. 

This technology may also be applicable to the design 
of large size coils for non-interventional imaging 
applications.  With large coil  loops,  however,  the 
lengthened coil wire will likely not be able to be treated 
as a short circuit, and thus would have to be modeled 
with appropriate inductance and resistances. The design 
principle should still hold and may result in improved coil 
performance.

The TLR concept can also be a potential method to 
design resonant markers (27) in tracking the catheter 
tip during interventional procedures. When using it as a 
resonant marker, the catheter coil should be a stand-alone 
device and would not need to be electrically connected to 
the MR system, allowing elimination of long catheter-shaft 
leads. However, a passive detuning circuit would have to 
be applied in that case. 
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Figure 9 Two images acquired from body coil and TLR catheter 
coil at different positions along Z-direction, i.e., catheter axis 
direction (Z1 and Z2). With body coil reception (left column), 
nearly no elevated signal is observed in the catheter coil area 
(orange arrows), indicating acceptable decoupling performance 
between the body coil and the TLR catheter coil. Nevertheless the 
decoupling performance can be further improved by better design 
of the detuning circuit on the catheter coil. TLR, transmission line 
resonator.
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