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ABSTRACT

Electrosurgery, i.e. the application of radiofrequency current for tissue ablation, is a frequently used treatment for many
cardiac arrhythmias. Electrophysiological and anatomic mapping, as well as careful radiofrequency power
control typically guide the radiofrequency ablation procedure. Despite its widespread application, accurate
monitoring of the lesion formation with sufficient spatio-temporal resolution remains challenging with the existing
imaging techniques. We present a novel integrated catheter for simultaneous radiofrequency ablation and optoacoustic
monitoring of the lesion formation in real time and 3D. The design combines the delivery of both electric current
and optoacoustic excitation beam in a single catheter consisting of copper-coated multimode light-guides and its
manufacturing is described in detail. The electrical current causes coagulation and desiccation while the excitation
light is locally absorbed, generating OA responses from the entire treated volume. The combined ablation-
monitoring capabilities were verified using ex-vivo bovine tissue. The formed ablation lesions showed a homogenous
coagulation while the ablation was monitored in real-time with a volumetric frame rate of 10 Hz over 150 seconds.
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INTRODUCTION

Radiofrequency catheter ablation (RFA), also known as electro-surgery, helps to eliminate dysfunctional tissue by
heating via an alternating radiofrequency (RF) current. It is frequently applied in various fields such as dermatology" %,
oncology™ * and to cure vascular diseases™ ®. Due to reporter higher efficacy rates and lower rates of complications, REA
ablation is the preferred intervention to cure arrhythmias in cardiology’”. Independent of the application, the clinical
outcome of RFA depends strongly on the accurate and timely monitoring of the forming lesion. The outcomes are highly
dependent on careful guidance and power control during the procedure and rely mainly on the surgeon's expertise to
assess lesion formation, causing large variabilities in the success rates. Ablation procedure are typically guided via
electrophysiological and anatomic mapping, as well as careful radiofrequency power titration. Presently, simple and
indirect methods of ablation monitoring such as thermal or impedance monitoring are used due to their simplicity. While
being simple and cost effective, they suffer from inaccuracy due to slow heat diffusion which often leads to substantial
differences between desired and actual lesion size and shape'®"”. Modern imaging techniques such as intravascular
ultrasound (IVUS) and magnetic resonance imaging (MRI) allow precise catheter placement and navigation. MRI further
requires a Gadolinium contrast agent to visualize the actual lesion, which only shows a delayed response. This delayed
response as well as the restriction to non-magnetic materials and special RF filters for the MRI system make real-time
lesion monitoring using MRI very expensive and impractical. IVUS on the other hand offers only a limited view of the
tissue with poor spatial resolution and contrast and is hence unable to visualize accurately the actual lesion formation'*
7. Optical methods aimed at the characterization of RFA in real-time rely on changes in the absorption and emission
spectra as the ablated tissue undergoes coagulation and desiccation. Using infrared thermal imaging allows quantification
of tissue temperature with high-resolution, but is restricted to superficial imaging. Integrating spectroscopic or optical
coherence tomography (OCT) probes into the RF ablation catheter itself enables monitoring of tissue in direct contact
with the catheter, but does not provide images of the forming lesion'® '°.
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Despite its widespread application, accurate monitoring of the lesion formation with sufficient spatio-temporal resolution
remains challenging with the existing monitoring techniques. Here we present a combined radiofrequency ablation and
optoacoustic imaging (RFOA) catheter. Our unipolar ablation catheter design combines the capability of radiofrequency
ablation and light delivery for optoacoustic imaging in a single compact and flexible unit. The catheter design is based on
copper-coated light guides, which are bundled, and connectorized to form the RFOA catheter. The manufacturing
process of the bundle is described in detail. The RFOA catheter was used to generate ablation lesions of different size in
ex-vivo bovine tissue while simultaneously monitoring the lesion formation using OA tomography with the necessary
illumination delivered through the RFOA catheter itself.

METHODS

The design of the RFOA catheter is based on copper-coated silica multimode fibers with a core diameter of 200 um, a
cladding diameter of 220 um and a 25 pm thin copper layer resulting in an overall diameter of 270 pm. Multimode fibers
with a core diameter of 200 um of were used as they are easy to process while being flexible enough to be used in a
catheter design. The number of fibers in the bundle is limited by both geometry as well as practicability of bundle
manufacturing. To this end, the bundle diameter for both bare (220 pm outer diameter) and copper-coated (270 um outer
diameter) MMF was calculated for various numbers of fibers in the bundle and assuming optimal packing of the circular
fibers within a circular aperture®, as shown in Fig. 1a).
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Figure 1. Simulation of fiber-bundle a) diameter and b) theoretical coupling efficiency for both bare and copper-coated
multimode fibers.

The bundle was manufactured using 97 individual fibers, which resulted in a bundle diameter of 3.06 mm when
optimally packed. The theoretical coupling efficiency (the ratio of light reaching the bundle vs. light exiting the bundle,
taking into account the fiber packing™ as well as a 4% reflections on both facets) shows a poor transmission of light
trough the copper coated fibers. This is evident in Fig 2b) where the copper-coated bundle has a theoretical best coupling
efficiency of only 38%. This value is not sufficient for an optical bundle, taking into account additional losses due to not-
optimal packing and real world optical coupling for the manufactured bundle. The poor coupling efficiency is a result of
the large, unused area around the light-conducting core of the MMF. By removing the copper layer at the proximal end,
this unused area can be removed drastically. This increases the effective area of the proximal front facet and enhances
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the theoretical coupling from 38 % for the copper coated fibers (orange line, Fig. 1b) to 57 % for the bare MMF (green
line, Fig. 1b). Removing the copper also reduced the effective bundle diameter from 3.06 mm to 2.49 mm as shown in
Fig. 1a).

Figure 2 shows the step-by-step manufacturing of the combined RF ablation and OA imaging catheter. The individual
fibers were cut to a length of approximately 1.5 m and were combined to form a bundle of sufficient size to create RF
lesions and to transport a sufficient amount of light to allow effective optoacoustic monitoring of the forming lesion, as
shown in Fig. 1a). The copper coating of the distal end of the bundle was removed over a length of approximately 20 cm,
using an acidic solution of iron(IIT) chloride, which selectively etched the copper in less than 10 minutes, as shown in
Fig. 1b). The proximal, copper-free end of the bundle was glued into a conventional, stainless steel SMA905 MMF
connector”', where the central bore was increased from 1.5 mm to 2.6 mm to accommodate the bundle, as shown in Fig.
2¢). The distal end of the bundle was connectorized using a customized stainless steel ferule with a 4 mm central bore.
Both the proximal and distal ends were glued using high temperature epoxy”” and cured at 80°C for 30 minutes. Both
facets were manually polished to optical quality using conventional polishing/lapping film down to a grit size of
0.3um™. The polished facets are shown in Fig. 2d). The RF connection cable was then soldered to the bundle near the
proximal end the assembled bundle was protected and insulated using PVC tubing, as shown in Fig. 2e). Figure 2e)
shows the fully assembled bundle.

a) raw fiber b) copper removal at proximal end c) connectorization  d) end-facet
bundeling for optimized light coupling via. epoxy glue polishing

e) RF connection
+ protection tube f) finished RFOA catheter

Figure 2. Step-by-step manufacturing of the combined RF ablation and OA imaging catheter. a) Single, copper-coated
multimode fibers were cut to a length of approximately 1.5 m and were combined to form a bundle. b) The copper coating
was removed at the proximal end of the bundle to achieve a better coupling efficiency. ¢) and d) Both the proximal and
distal ends were connectorized using high-temperature epoxy glue and were subsequently polished. e) The RF cable was
soldered to the bundle near the proximal end the assembled bundle was protected and insulated using PVC tubing. f) Fully
assembled bundle. g) Uniform light delivery trough the bundle.
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The experimental setup used to demonstrate simultaneous RF ablation and OA imaging is shown in Fig. 3. The OA
imaging setup is based on a spherical, high-frequency ultrasound matrix that is used in combination with a tunable,
pulsed OPO laser. A detailed description of the system and its performance can be found elsewhere?’. The light of the
OPO (780 nm, 5 ns pulses) is coupled into the proximal end of the RFOA catheter via a simple lens (f=50 mm) and with
the bundles SMA MMF connector fixed on the optical table to allow stable coupling. The light exists the bundle at the
distal end where it is locally absorbed in the tissue sample. The absorbed energy generates high frequency optoacoustic
signals, which propagate trough the tissue and the surrounding water and are detected by a 512-element ultrasound
matrix array. The signals are digitized and a volumetric image is reconstructed in real-time using a GPU-based
reconstruction algorithm®. The RF signal is generated in a custom build RF generator that delivers 20 kHz ablation
current with a duty-cycle of 3%. The signal was coupled to the RFOA bundle via the soldered RF cable and ground was
provided via a large-area pad in the water (not shown). The solder spot connects the RF cable to all individual strains of
the RFOA bundle, thus evenly distributing the current at the output facet over the whole area of the ablation tip.
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Figure 3. Schematic of the simultaneous radiofrequency ablation and optoacoustic imaging setup.

RESULTS & DISCUSSION

Figure 2e) shows the uniform and intense light distribution exiting the distal end of the RFOA bundle. A coupling
efficiency of approximately 50% was achieved, which is close to the theoretically optimal value of 57%. The theoretical
coupling efficiency was not achieved due to a sub-optimal packing of the fibers, as evident in Fig. 2d). However, a per-
pulse energy of 6 mJ was transferred trough the bundle without visible damage to the proximal end facet, which is
sufficient for OA tomography. The electrical resistance between the distal steel ferule and the input of the RF cable was
less than 5 Q, showcasing the excellent conductivity of the RFOA bundle due to the thick diameter and the multiple
copper coated fibers.

The RFOA bundle was then used to ablate a bovine tissue sample while simultaneously monitoring the progressing
lesion in real time, as shown in Fig. 4. The tissue was ablated for 30 seconds and OA monitoring was perform at an
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imaging rate of 10 Hz for a total of 150 seconds. OA images are normalized to the baseline prior to the start of the
ablation and hence show the relative change in the OA signal. Figure 4a) show exemplary slices through the center of the
volumetric OA images at the start (t = 0 s), and for every 10 seconds at t = 10, 20 and 30 s as well as after tissue cooling
att = 150s. A strong increase of the OA signal is visible after just 10 seconds and increases further towards the end of the
ablation at t=30 s. The formed lesion is shown in Figure 4b), with a top view of the lesion shown on the left and a slice
through the tissue sample is shown on the right. Both the top and side view show a white coagulum that penetrates
approximately 2-4 mm into the tissue from the point of contact with the ablation tip. No charring is visible and the
lesions is symmetric and uniform.

t=0s t
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Figure 4. Simultaneous radiofrequency ablation and optoacoustic monitoring using the RFOA catheter. The forming lesion
was imaged in real-time and the formed coagulum is uniform and symmetric without visible charring.
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