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Radiofrequency (RF) catheter ablation is widely
employed for various minimally invasive procedures,
including treatment of tumors, cardiac arrhythmias and
varicose veins. Accurate real-time monitoring of the
ablation treatments remains challenging with the existing
clinical imaging modalities due to the lack of spatial or
temporal resolution or insufficient tissue contrast for
differentiating thermal lesions. Optoacoustic (0A)
imaging has been recently suggested for monitoring
temperature field and lesion progression during RF
interventions. However, strong light absorption by
standard metallic catheters hindered practical
implementations of this approach. Herein, we introduce a
new RF ablation catheter concept for combined RF
ablation and OA lesion monitoring. The catheter tip
encapsulates a multimode fiber bundle for OA excitation
with near-infrared light whereas the electric current is
conducted through the irrigation solution, thus avoiding
direct exposure of the metallic parts to the excitation light.
We optimized the catheter diameter and the saline flow
rate in order to attain uniform and deep lesions. The
newly introduced hybrid catheter design was successfully
tested by real-time monitoring of the ablation process in
smooth ventricle and rough atrium walls of a blood-filled
ex-vivo porcine heart, mimicking in vivo conditions in the
clinical setting. = © 2019 Optical Society of America

http://dx.doi.org/10.1364/0L.99.099999

Radiofrequency (RF) catheter ablation is routinely used in a
myriad of clinical interventions such as cancer therapy [1],
endovenous removal of varicose veins [2,3] or treatment of cardiac
disorders [4]. The procedure is generally preferred over alternative
thermal ablation approaches due to its low cost, minimal
invasiveness and simplicity of operation [5]. Typically, RF ablation
procedures are being performed under x-ray fluoroscopy guidance,
which however offers poor soft tissue contrast, lacks three-
dimensional (3D) information and carries certain risks due to the

long exposure to x-rays [6]. Moreover, success rates of RF catheter
ablation procedures critically depend upon the effective tissue
impedance in the heat-affected area and the resulting spatio-
temporal distribution of the temperature field. Development of
non-invasive real-time monitoring methods is hence essential for
optimizing outcomes of these treatments. To this end, several
imaging modalities have been suggested for this purpose [7-11].
However, these are either limited by lack of contrast and sensitivity,
the use of ionizing radiation, shallow penetration or insufficient
spatio-temporal resolution [8,12].

Optoacoustic (OA) imaging has recently been proposed as a new
approach for monitoring RF ablation procedures [13-17]. The
method is based on tissue excitation with non-ionizing laser light
and has shown considerable sensitivity to temperature changes
and chemical transformations associated with tissue coagulation
[14]. The temperature dependence of the OA signal intensity is
associated to the Griineisen parameter for temperatures below the
coagulation threshold and becomes more complex at higher
temperatures due to non-linear effects and additional changes of
tissue optical properties [18]. Moreover, state-of-the-art systems
are capable of real-time imaging in two and three dimensions with
high spatial resolution [19], which was explored for monitoring of
various thermal therapy interventions [14,20-21]. 3D imaging
systems are known to be less prone to quantification errors and
further enable mapping the entire volume of the induced lesion. In
particular, feasibility of 3D mapping of temperature distribution
and lesion progression during RF ablation has been demonstrated
[15], albeit the excitation light was delivered through the imaging
probe making it not practical for monitoring ablation treatments in
deep human tissues like the atrial wall. We have recently introduced
an integrated catheter design based on copper-coated fibers that
enabled simultaneous delivery of the ablation current and near-
infrared excitation light into the ablated region [16]. This forward-
looking catheter enabled simultaneous delivery of the ablation
current and the excitation laser light, yet significant image
distortions were observed due to strong light absorption and
acoustic reflections at the catheter tip.

In this work, we introduce a new catheter design concept where
the ablation current is delivered via the irrigation saline solution,
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thus averting direct exposure of any metallic parts to the excitation
laser light (Fig. 1). The latter is provided via five multimode fibers
encapsulated in the catheter tip. The step-index multimode fibers
(Thorlabs, USA) have a core diameter of 600 um and a numerical
aperture (NA) of 0.50. The catheter is further composed of a T-type
thermocouple and a metallic 23Gx 3 1/8” needle (Sterican, B. Braun
Melsungen AG, Germany) that functions as an ablation electrode
and a passage for the saline irrigation [Fig. 1(b)]. The proximal end
of the catheter features separate connectors to the RF signal
generator, Maestro 3000, (Boston Scientific, Marlborough, U.S.),
data acquisition card, NI 9213 DAQ, for temperature recordings
(National Instruments Corporation, Texas, U.S.)), syringe pump for
continuous saline irrigation (World Precision Instruments,
Sarasota, USA), and a tunable nanosecond laser source for the OA
excitation (Innolas Laser GmbH, Krailling, Germany).
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Fig. 1. Design and implementation of the RF ablation catheter. (a)
Schematic representation of the OA approach for monitoring cardiac RF
ablation. (b) Cross-sectional view of the integrated catheter tip
comprising a fiber bundle, a thermocouple and an electrode. (c) 3D view
of the proximal end of the catheter assembled within the tubing. (d)
Top-view of the OA image of a microscope slide painted in black used to
estimate the illumination pattern created by the fiber bundle.

The fibers were bundled within an optical fiber connector,
stabilized using a high-temperature epoxy (353ND, Epoxy
Technology, Inc. Billerica, MA) and polished to achieve optimal
coupling to the outlet of the laser. At the distal end of the RF
catheter, multimode fibers were cleaved to achieve maximum
efficiency and arranged around the ablation electrode to fit withina
5 mm long (3 mm diameter) glass tubing (Bruker, Massachusetts,
USA) [Figs. 1(b) and 1(c)]. Saline injection with a syringe pump
(World Precision Instruments, Sarasota, USA) is canalized to the
ablation electrode through a fine bore polythene tubing with 0.86
mm inner diameter (Smiths Medical Inc., Minnesota, USA). A high-
density thermocouple module (National Instruments, Austin, USA)
further enables temperature readings during RF ablation with a T-
type thermocouple attached to the outer surface of the catheter [Fig.
1(b)]. The illumination pattern at the tissue surface was

characterized by imaging a microscope slide painted in black with
the OA system. The top-view of the 3D OA image is displayed in
Fig.1(d). The measured pulse energy at the output of the fiber
bundle was 2 m] distributed over 8 mm? area on the tissue
surface, which corresponds to a fluence of 25 mJ]/cm? -
within the ANSI safety standard at the 780 nm wavelength
[22]. The light intensity is then expected to decay approximately
one order of magnitude per centimeter within biological tissues at
near infrared wavelengths [23].

OA monitoring of the RF ablation procedure was performed by
collecting the signals generated in the illuminated tissue volume
with a custom-made spherical matrix ultrasound detector array
having 256 detection elements with central frequency of 4 MHz and
100% detection bandwidth, allowing for almost isotropic
resolution of ~200 pm at the center of the sphere [24]. The
ultrasound array was placed from the side of the heart opposite to
the catheter [Fig. 1(a)] and filled with agar to ensure acoustic
coupling between the heart tissue and detection elements. A
custom-made data acquisition system (DAQ, Falkenstein
Mikrosysteme GmbH, Taufkirchen, Germany) was used to digitize
the generated OA signals at 40 mega-samples per second, being
triggered by the Q-switch output of the OPO laser. The OA signals
acquired during the RF ablation experiments were band-pass
filtered with cut-off frequencies 0.1 and 3 MHz and processed with
amodel-based reconstruction algorithm to render 3D images of the
ROI [25]. The reconstructed images were further corrected for the
exponential light fluence decay in the axial direction.

The RF ablation efficiency of the endocardial irrigated catheter
was evaluated by characterizing the lesions created with varying
ablation parameters. Specifically, the coagulation depth was
measured by manually segmenting the cross-sectional
photographs taken after the procedure (Figs.2a and 2b) as a
function of the saline concentration, ablation duration, irrigation
rate and the diameter of the catheter tip. RF ablation lesion
characterization experiments were performed using freshly
excised porcine heart tissues placed on top of a conductive
grounding pad that served as ground electrode. The distal end of the
RF ablation catheter (3mm tip diameter) was placed on the heart
samples while its proximal end was connected to an RF generator
delivering 20 kHz frequency electric signals with an average power
of 10 W. Ablation lesion formation was accomplished by
transmitting electrical current through different samples of heart
tissue for 10, 30, 60, 90, 120, 240 and 300 seconds.

Same experiments were repeated by irrigating the 0.9%
(physiological) and 3.6% (hypertonic) saline solutions which were
prepared by pouring 9 and 36 g of sodium chloride (NaCl)
respectively to one liter of distilled water and mixing it until the
solution becomes transparent. The effect of the saline irrigation rate
onlesion formation was evaluated for 1, 3, 6 and 9 ml/min irrigation
rates using the syringe pump flow rate control. Figs. 2(a) and 2(b)
display the lesion depth (mm) versus ablation time (s) for different
saline solution concentrations (%) and irrigation rates (ml/min).
The location of the endocardial catheter during the characterization
experiments is indicated with a black arrow in Fig. 2(a-b). Clearly,
deeper lesions are generated by higher saline concentrations.
Overall, mean ablation depths attained for 0.9% saline
concentration was 4 mm, while it increased to 5.5 mm for 3.6%
saline concentration. The maximum lesion depth achieved with
0.9% saline concentration at 9 ml/min saline flow rate was 6 mm,
while 9 mm lesions were generated with 3.6% saline concentration
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at 6 ml/min saline flow rate. We observed that the lesion
progressed gradually within the first 120 seconds while no
significant changes were noticed between 120 and 240 seconds.
The saline concentration and the flow rate affect the electrical
conductivity and hence are expected to have an effect on the formed
lesion. High saline irrigation rates have an additional cooling effect
that prevents excessive heating and decreases the possibility of
tissue charring. The influence of these effects is however difficult to
quantify, and we did not observe a clear dependence of the lesion
depth upon the flow rate of the saline solution.

In a different set of experiments, dependence of the lesion depth
upon the catheter tip diameter has been examined. Here we kept
the saline concentration and the irrigation rate at 0.9% and 9
ml/min, respectively, and RF ablation was maintained for 300
seconds. As expected, the observed lesion depths increase from
3.5mm to 6.5 mm when increasing the catheter diameter from
2mm to 4mm. Note, however, that clinical RF ablation catheters
normally measure 5-8 French (1.66-2.66 mm) to prevent vessel
damage during the catheterization procedure. Since the 2 mm
catheter was only capable of creating superficial lesions, the 3 mm
catheter tip was selected for the final design due to its consistent
ablation performance and relatively small size.

Ablation Time (s) Ablation Time (s)
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Fig. 2. Dependence of the lesion depth (mm) upon ablation time. (a)
Lesions formed by 0.9% saline solution with different saline irrigation
rates. (b) The corresponding lesions formed by 3.6% saline solution.
The photographs from sliced specimen show representative examples
of the ablation lesions formed by irrigating saline with 6 ml/min for 30
s (a) and with 9 ml/min irrigation rate for 240 s (b).

In the first OA monitoring experiment, we evaluated the
feasibility to image a tissue sample under realistic in vivo imaging
scenario with the highly absorbing blood background. We therefore
mimicked a typical cardiac or endovenous procedure by inserting
the RF catheter in a plastic chamber filled with fresh porcine blood,
which is meant to be removed by irrigating the saline solution. 0A
imaging at 780 nm (isosbestic point of hemoglobin) was then
performed during irrigation of the saline. In the resulting images,
the bright OA signal in the beginning of the procedure [Fig. 3(a)]
originates from blood in contact with the tip of the fiber bundle (pre-
irrigation). As the irrigation progresses, the blood is slowly removed
from the catheter tip with a mixture of blood and saline remaining
in the cavity so that more light can propagate toward the catheter
edge. As a result, both tips of the fiber bundle and the catheter turn
visible [Fig. (3b)]. The gradual saline irrigation effects can be best
perceived in Visualization 1 showing real-time evolution of the OA
images. The images mainly feature the edges between regions with
different blood concentration, which is ascribed to the limited
angular coverage of the transducer array and the associated
limited-view image artifacts [26]. At a later stage (post-irrigation),
all the blood is removed from the catheter tip, making it transparent

for the light delivery. This results in bright signals from the blood
interface surrounding the catheter tip [Fig. (3c)], each step during
perfusion of saline are further schematically represented in Fig. 3(d-
f). The experimental arrangement of the OA imaging system relative
to the endocardial catheter, placed in direct contact with the blood-
filled sample chamber, is shown in Fig. 3(g). The field of view in
panels a-c corresponds to the blood volume represented in Fig. 3(g).

Pre Perfusion Post Perfusion

Perfusion Progression

3 OA Signal (a.u.)

E]

(d)

Fiber
Bundle

10s i 50 s #Saline

Fig. 3. Real-time OA imaging of saline irrigation in the course of blood
removal from the catheter cavity. (a) OA image acquired before the
saline irrigation starts, when the catheter is filled with the porcine blood.
(b) The corresponding image acquired during the saline irrigation
process. (c) The image acquired immediately after the catheter cavity
was fully perfused with saline. (d-f) Schematic lay-outs of the
experimental arrangement in relation to the reconstructed OA images.
(g) Experimental arrangement of the OA imaging system relative to the
endocardial catheter.

In the second experiment, real-time OA monitoring of RF ablation
progression was performed in an ex-vivo porcine heart filled with
blood to mimic typical conditions in a clinical setting. Both the heart
ventricle and atrium were ablated by employing the same RF
generator parameters as described in the characterization
experiments. Throughout the ablation procedure, 3.6% saline
solution was irrigated at 1 ml/min rate. The laser wavelength was
set to 780 nm corresponding to the maximum OA contrastachieved
between coagulated and non-coagulated tissues [15]. OA signals
were then acquired for 200 s, including 20 seconds before the RF
generator was activated, 100 seconds during the ablation
procedure and 80 seconds during the cool-down phase. It was
observed that larger and deeper lesions were produced on the
smooth ventricular wall while electric contact was presumably
compromised by the rough atrial surface. A clear increase of the OA
signal in the ex-vivo porcine ventricle tissue was perceived in the
entire ROI while the signal intensity was lowest prior to the
activation of the RF energy [Fig. 4(a-c)]. This is partially attributed
to the changes in the Griineisen parameter caused by temperature
increase due to resistive heating of the heart muscle [14]. The OA
signal is additionally altered by tissue coagulation [27]. Overall, the
ablated region in the sliced specimen [Fig. 4(d)] corresponds well to
the shape of the yellow-colored area exhibiting elevated OA signal
in the post-ablation OA image in Fig. 4(c). The temporal evolution
of the OA readings in two representative voxels is further shown in
Fig. 4(e). The OA signal at the end of the acquisition is higher than in
the pre-ablation region, due to continuing cooldown. Also, the signal
in the coagulated area [purple square in Fig. 4(c)] did not decrease
significantly during the cool-down phase [purple plot in Fig. 4(e)];
this could be mainly attributed to an increase in optical absorption
coefficient caused by the denaturized proteins in this region [18].

In this work we devised a new approach for real-time OA
monitoring of thermal lesion formation during RF ablation
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treatments. Owing to the indirect transmission of the RF current
into the tissue through the irrigation saline solution, image artefacts
associated with light absorption by metallic components or acoustic
reflections at the catheter tip can be avoided. Active cooling
provided by irrigated catheters is in fact an established method
implemented in clinical cardiac RF ablation procedures that has
been shown to increase efficiency of the lesion generation and
reduce the risk of tissue charring and steam pops [28]. In the ex-vivo
porcine heart ablation experiments different chambers of the heart
were successfully ablated providing uniform coagulum without any
tissue charring, while the OA signal variations associated with the
temperature increase and chemical transformations during
coagulation could be monitored in real-time. In general, the lesions
developed in the atrium were shallower than those developed in
the ventricle. This can be attributed to the more heterogeneous
structure of the atrium wall and the compositional differences
between two chambers. However, the fact that coagulation could
still be produced under this challenging scenario indicates the
general usability of the catheter for real clinical application. Design
optimizations may still result in a better performance on rough
surfaces. Also important is the fact that relatively deep ablation
lesions could be produced in calibration experiments for a relatively
small catheter diameter as well as low saline concentrations and
irrigation rates. Minimal irrigation rates were dispensed in all
ablation experiments. In this way, potential damages, such as
pulmonary edema or pleural effusion, can be avoided, even when
using hypertonic saline concentrations. The lesion depths achieved
in most our experiments may however not suffice for some cardiac
RF ablation procedures so that larger catheter diameters are
deemed necessary. The reason for shallow ablation lesions can be
explained by tissue heterogeneities, which lead to sub-optimal
catheter-tissue contact and the need to apply force to guarantee
good coupling. Certain degree of pressure is required for controlled
ablation, which is crucial for averting damage to the neighboring
healthy tissue and the risk of cardiac tamponade [29]. The
endocardial catheter may also be a useful tool in anticoagulation
therapy [30]. The ablation performance can also be enhanced by
incorporating mechanical force feedback from the catheter tip in
future catheter designs as different risk levels of cardiac perforation
are imposed by atria and ventricles due to their different wall
thickness [31].
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Fig. 4. Real-time OA monitoring of RF ablation in ex-vivo porcine heart.
Lateral views of fluence-corrected OA images acquired from the
ventricle at different time points during the treatment; before ablation
started (a), during the lesion formation (b) and the cool-down period
(c). Post-ablation photograph of a sliced ventricular specimen showing
the generated RF ablation lesion (d). Time course of the relative change
of OA signal (AOA/OA) in a coagulated (purple) versus non-coagulated
(blue) voxels, as labelled in panel (e).

Supplementary material.

(1) The gradual saline irrigation effects within the catheter
visualized by the real-time evolution of the OA images.
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