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Abstract

Significance: Pulmonary vein isolation with catheter-based radiofrequency ablation (RFA) is
carried out frequently to treat atrial fibrillation. However, RFA lesion creation is only guided
by indirect information (e.g., temperature, impedance, and contact force), which may result
in poor lesion quality (e.g., nontransmural) and can lead to reoccurrence or complications.

Aim: The feasibility of guiding intracardiac RFAwith an integrated polarization-sensitive optical
coherence tomography (PSOCT)-RFA catheter in the right atria (RA) of living swine is
demonstrated.

Approach: In total, 12 sparse lesions were created in the RA of three living swine using an
integrated PSOCT-RFA catheter with standard ablation protocol. PSOCT images were displayed
in real time to guide catheter-tissue apposition. After experiments, post-processed PSOCT
images were analyzed to assess lesion quality and were compared with triphenyltetrazolium
chloride (TTC) lesion quality analysis.

Results: Five successful lesions identified with PSOCT images were all confirmed by
TTC analysis. In two ablations, PSOCT imaging detected gas bubble formation, indicating
overtreatment. Unsuccessful lesions observed with PSOCT imaging were confirmed by TTC
analysis.

Conclusions: The results demonstrate that the PSOCT-RFA catheter provides real-time feedback
to guide catheter-tissue apposition, monitor lesion quality, and possibly help avoid complications
due to overtreatment, which may enable more effective and safer RFA treatment.
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1 Introduction

Pulmonary vein (PV) isolation (PVI) with catheter-based radiofrequency ablation (RFA) is com-
monly performed to treat atrial fibrillation (AF).1 The goal of a PVI is to electrically disconnect
arrhythmogenic PVs from the left atrium (LA). This is done using RFA to create circular lines of
lesions that surround the PVs and isolate them from the LA.2 To achieve electrical isolation,
lesion transmurality and lesion line continuity are crucial.3–5 Lesion formation is currently
guided with indirect information (e.g., temperature, impedance, and contact force). However,
PVI procedures still suffer from a high recurrence rate and complications due to several factors
(e.g., nontransmural lesions, steam pops, perforation, and damage to the adjacent area from
energy delivery).3,4,6 Currently, more than half of patients who receive RFA PVI therapy will
require additional RFA procedures. Only 17% of patients are arrhythmia-free at 5 years after a
single AF ablation procedure. Even with multiple procedures, 2.1 on average, the success rate is
approximately 65% after 5 years.7 This suggests that direct tissue-measurement guidance may
improve PVI efficacy.

M-mode optical coherence tomography (OCT) [i.e., optical coherence reflectometry (OCR)]
has guided catheter-tissue apposition in ex-vivo experiments8 and monitored RFA in ex-vivo and
in-vivo experiments.9,10 However, OCR has not been demonstrated to identify and differentiate
tissue structure, which is potentially important for RFA guidance. Our previous ex-vivo and
in-vivo experiments demonstrated that OCT imaging can guide and monitor cardiac RFA therapy
in real time with direct tissue measurement.11–13 OCT can confirm catheter-tissue apposition,11

differentiate cardiac tissue types,12 and detect RFA lesion formation.11,13 Catheter-based, intra-
cardiac OCT imaging via percutaneous access was demonstrated in living swine with a stand-
alone OCT probe.14 Polarization-sensitive optical coherence tomography (PSOCT) was shown
to provide superior contrast for detecting RFA lesion formation via a catheter probe.15 This is
because PSOCT is sensitive to tissue birefringence, which is strongly reduced by thermal abla-
tion such as RFA. Finally, a prototype integrated PSOCT-RFA catheter was developed and
simultaneous RFA and real-time guidance with PSOCT was demonstrated ex vivo in excised
swine right ventricular tissue.16 In this work, we demonstrate in-vivo monitoring of cardiac
RFA lesion formation using integrated PSOCT-RFA catheter prototypes in the right atrium
(RA) of living swine via percutaneous access under the guidance of single-plane fluoroscopy.

2 Methods

In this work, a portable PSOCT system that irradiates the sample with a single polarization state,
as previously reported, was used.16 The axial resolution and sensitivity of this system is mea-
sured to be 10 μm [full width at half maximum (FWHM)] and 105 dB, respectively. Structure
and net retardance images were calculated with the algorithm described by Hitzenberger et al.17

Net retardance is the accumulated effect of tissue birefringence on a beam of light over depth and
is the common parameter used to visualize PSOCT images of birefringent tissue.18 The inte-
grated PSOCT-RFA catheter was built based on a standard clinical 2.3 mm (7 Fr) RFA catheter
(Blazer II HTD, Boston Scientific).16 To incorporate a 1-mm-diameter OCT probe while main-
taining the RFA functionality, the steering cables in the catheter and the thermistor at the catheter
tip were removed. The center lumen of the ablation electrode was enlarged and a 1-mm-diameter
glass window was secured in the electrode tip to isolate blood and allow for forward-view im-
aging. Image transverse resolution at focus was 17 μm (FWHM). Images were acquired at a
speed of 20 frames∕s with 2000 A-scans per B-scan. For guidance of catheter-tissue apposition
and observation of lesion formation for all ablation attempts, real-time display of the PSOCT
structure and net retardance images were updated at a frame rate of 6 frames∕ sec (processed on a
CPU and limited by current software speed). Raw data were saved at full speed (20 frames∕ sec)
and analyzed in postprocessing for detailed lesion formation observation.

To evaluate the functionality of the integrated PSOCT-RFA catheter in a living heart, experi-
ments were done in the RA of three healthy swine (domestic swine, weight 31� 1 kg, female) in
the Surgical Training and Research (STAR) Core at Case Western Reserve University. The study
protocol was reviewed and approved by the Institutional Animal Care and Use Committee of
Case Western Reserve University. The percutaneous catheterization procedure was conducted
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with the guidance of single-plane fluoroscopy. During the procedure, the swine was anes-
thetized, intubated, and mechanically ventilated. Because this integrated catheter prototype was
not steerable, a steerable introducer with an 8.5-F internal diameter (St. Jude, Agilis) was
advanced into the RA via the right femoral vein and was used to guide the integrated catheter.
Since the thermistor was removed to accommodate the OCT probe, all lesions were made with
the ablation generator (Maestro 3000, Boston Scientific) in power control mode with a fixed
ablation protocol (8 to 15 W power, 300-ohm impedance limit, 50-s ablation time). Lesions
were sparsely made in the RAwith locations noted relative to anatomical landmarks (e.g., coro-
nary sinus, superior vena cava, tricuspid valve, and ribs for superior and inferior locations) under
the guidance of fluoroscopy. After the experiments, the pigs were sacrificed, and hearts were
harvested, the RA was dissected, cut open, and stained with 1% triphenyltetrazolium chloride
(TTC) phosphate-buffered saline solution at 37°C for 30 mins. With TTC staining, viable tissue
is stained red, while RF lesions are white. Identified lesions were matched to corresponding
PSOCT images by referring to the relative locations and to anatomical landmarks as recorded.

3 Results

In OCT images, blood and tissue have distinct features, which enables guidance of catheter-
tissue contact. Blood appears as a homogenous granular medium with high scattering and attenu-
ation, while cardiac tissue has detailed tissue structure and deeper imaging depth. Figure 1 shows
OCT intensity images used to guide catheter-tissue contact. Figure 1(a) shows an OCT image
while the catheter is not in contact with the tissue. As the catheter approaches the tissue, blood
between the catheter and the tissue is displaced by the catheter and the tissue starts to appear in
the image [Fig. 1(b)]. Figures 1(c) and 1(d) show that OCT imaging can be used to differentiate
perpendicular and angled contact, which affects lesion shape and size during ablation. In this
living heart, endocardium, myocardium, epicardium, and pericardium can be seen from top to
bottom as indicated by 1 to 4, respectively, in Fig. 1(d).

During ablation, PSOCT can provide contrast to monitor lesion formation in real time by
tracking tissue birefringence changes. Cardiac tissue has strong birefringence due to well-aligned
cardiomyocytes and subcellular anisotropy as a result of alignment of proteins within
cardiomyocytes.18–20 An example of transmural lesion formation is shown in Fig. 2 (Video 1).
Birefringence is displayed as colored bands in the calculated net retardance images. As the tissue
is treated, tissue birefringence is lost and the colored bands disappear in net retardance images,
as shown in Figs. 2(e)–2(h). At the same time, the tissue becomes more scattering and more

Fig. 1 PSOCT intensity images guiding catheter-tissue apposition. The figure shows when the
catheter is (a) not in contact, (b) approaching the tissue, (c) making contact at an angle, and
(d) in perpendicular contact with the tissue. In (d), 1, 2, 3, and 4 indicate the endocardium, myo-
cardium, epicardium, and pericardium, respectively.
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homogeneous in the intensity images [Figs. 2(a)–2(d)]. The transmural lesion-formation time
based on PSOCT images is defined as the time point after initiation of RF energy delivery when
birefringence has been lost and does not change further. According to the OCTand PSOCT images
in Figs. 2(c) and 2(g), the lesion has already formed transmurally by 12 s. Continuing ablation did
not further change the PSOCT image of the tissue [Figs. 2(d) and 2(h)], and RF energy stop was
triggered at 20 s due to high impedance. This result agrees with the TTC stain analysis, as shown in
Figs. 2(i) and 2(j), which shows that the lesion was transmural.

Figure 3 (Video 2) shows a second example of a lesion created with the integrated PSOCT-
RFA catheter. In this case, overtreatment is apparent. Similar to Fig. 2, an increase of scattering in

Fig. 2 PSOCT monitoring of a transmural lesion created with 10 W power with the integrated
catheter. (a)–(d) and (e)–(h) The structure images and corresponding net retardance images
during lesion formation from 1 to 18 s. (i) and (j) Pictures of the endocardium and epicardium
of the TTC stained lesion (Video 1, MP4, 10 MB [URL: https://doi.org/10.1117/1.JBO.25.5
.056001.1]).
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the structure images [Figs. 3(a)–3(d)] and loss of the birefringence in the net retardance images
[Figs. 3(g)–3(j)] through the cardiac wall indicate that this lesion was formed transmurally at 9 s.
Continuing the ablation created gas bubbles in the tissue [Fig. 3(e)], which exploded (i.e., a
steam pop), triggering the ablation generator to stop the energy delivery after an additional

Fig. 3 PSOCT monitoring of an overtreated lesion created with 10 W power with the integrated
catheter. (a)–(d) and (g)–(j) The structure images and corresponding net retardance images during
lesion formation from 1 to 9 s. With overtreatment, gas bubbles (e) and (f) formed and exploded,
respectively, causing tissue damage. Pictures of the (k) endocardium, and (l) epicardium of the
TTC stained lesion. (m) Screenshot of the single-plane fluoroscopy guidance (Video 2, MP4,
10 MB [URL: https://doi.org/10.1117/1.JBO.25.5.056001.2]).
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3 s due to high tissue impedance [Fig. 3(f)]. After TTC staining, the endocardium and epicar-
dium of this lesion [Figs. 3(k) and 3(l), respectively] indicate that it was transmural. But the
endocardial surface was disrupted by overtreatment. Blood coagulation and char at the site
of disruption can be seen as a red spot with a black edge at the center of the lesion.

In this study, 12 lesions were attempted in the RA of three swine. Results of all attempts are
summarized in Table 1. Lesion quality verified by PSOCT images is compared with the gold
standard of TTC staining. Five of the lesions were determined to be transmural by TTC. Four out
of the five transmural lesions were detected with PSOCT imaging. The PSOCT data correspond-
ing to one transmural lesion were of poor quality and tissue birefringence could not be detected.
Two overtreated lesions were detected with PSOCT imaging by visualization of gas bubble
formation. In one of these lesions, overtreated tissue was identified after TTC staining by
identifying tissue surface disruption. However, because the other was in an area with significant
trabeculation, tissue surface disruption was difficult to identify by inspecting after TTC staining.
In the case of five attempted lesions, the catheter failed to deliver energy and both TTC staining
and PSOCT confirmed that no lesions were formed. For all ablated lesions, with PSOCT mon-
itoring, the transmural lesion-formation time was 9� 4 s.

4 Discussion

Catheter-tissue apposition is important because the contact area that the RF electrode makes with
tissue strongly impacts lesion size and shape.21 In this study, all recorded lesions were made with
perpendicular contact as determined by PSOCT imaging, as shown in Fig. 1.

Nontransmural lesions are believed to be one of the main causes of the high recurrence of
AF.4,5 With PSOCT real-time monitoring, lesion quality may potentially be monitored directly to
improve procedure efficacy. In this study, the loss of tissue birefringence between the endocar-
dium and the epicardium, observed as the disappearance of colored bands in the net retardance
images, and increased scattering in structure images (as shown in Fig. 2)16 were the image fea-
tures used for evaluating transmural lesion formation. TTC staining of lesion target tissue after
heart excision was used to confirm lesion quality. A lesion was considered to be transmural by
TTC staining when the white-stained tissue could be seen from endocardium to epicardium, as
shown in Figs. 2(k) and 2(l). Seven transmural lesions were completed in this study (two of them
were overtreated). Of these, six were clearly identified as complete in PSOCT imaging.

One lesion was not successfully detected by PSOCT imaging due to the alignment of the
polarization state of the imaging beam. For single-incident polarization state PSOCT, which was
used in this study, the imaging beam should be circularly polarized for optimum contrast and
accuracy. However, this is difficult to control because the polarization state of the beam changes
with catheter manipulation and probe rotation. In these experiments, the polarization state of the
system was optimized before the procedures and not for each single lesion during procedure.
This impact can be reduced by extracting polarization state change from the tissue surface and
compensating through the depth. Nevertheless, when the imaging beam is linearly polarized
parallel or perpendicular to tissue fiber orientation, tissue birefringence is not detected. This
is apparently what happened in this failed case. Tissue birefringence was not detected before

Table 1 Summary of PSOCT monitoring.

Category Number

Contact guidance and lesion quality assessment

PSOCT monitoring TTC stain

Contact guidance for ablation 12 12 Not applicable

Transmural lesion 5 4
transmural

1 poor polarization
quality

5 transmural

Overtreated lesion 2 2 overtreated 1 overtreated 1 ambiguous

Ablation failure 5 5 failure 5 failure
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ablation, so the expected change could not be detected. To overcome this limitation, future stud-
ies will make use of PSOCT technologies that illuminate the tissue with two orthogonal incident
polarization states. These are more robust against rotation and allow for a more reliable meas-
urement of tissue birefringence.22,23

Swine are commonly used as animal models to study RFA technologies because the swine
heart has similar anatomy to the human heart,24,25 and pigs around 70 to 80 kg in weight have
similar LA and RAwall thickness as adult human hearts.26 The study presented here made use of
animals procured for another purpose (intracoronary OCT training) to fully use the animal, and
the pigs were young and small (heart mass 192þ ∕ − 15g). The RAwall at all 12 lesion sites was
thin and fully captured within the field of view of the OCT imaging (wall thickness
655þ ∕ − 525 μm). It is likely that the atrial wall will be too thick in some locations of larger
hearts to be imaged transmurally by OCT. However, recent studies of adult clinical patients’ LA
wall thicknesses with high resolution (0.31 to 0.5 mm∕pixel) cardiac computed tomography has
shown that the thickness of the majority of the LAwall, especially the posterior wall, is less than
2 mm.27,28 The wall will be even thinner under catheter pressure during ablation. Therefore, OCT
has the potential to monitor RFA in the LA of human patients. Future studies will examine RA
and LA wall thickness in living hearts of various sizes to better understand this potential vari-
ability and how it may limit the monitoring of atrial RFA by PSOCT.

A steam pop is an audible intramural gas bubble explosion caused by overtreatment during
ablation.29 It damages the cardiac wall, exposes the underlying myocardium, creates tissue
debris, and may lead to perforation or thrombosis.30 It can also create char on the ablation
electrode, which reduces ablation efficiency. Although steam pops are generally defined by the
audibility of the complication, silent steam pops have been observed with intracardiac echocar-
diography (ICE).31 The risk of steam pops makes it even more difficult to balance creating high-
quality RFA lesions and preventing overtreatment in real time. In this experiment, two steam
pops occurred. In both cases, gas bubbles within the myocardium were observed by PSOCTover
4 s before eruption. If the RF energy were stopped after these subtle precursors were detected, the
steam pop could be avoided, thus improving the safety of the procedure by reducing the risk of
this serious potential complication.

In this study, five of the twelve attempted lesions failed to form. In each case, both PSOCT
image monitoring and TTC staining confirmed that no thermal lesion formed at the location.
While these cases served as a useful negative control, they also revealed a catheter design flaw. In
all five cases, both real-time PSOCT imaging and impedance measurements (about 110 ohm)
indicated that the catheter was in contact with tissue. However, high impedance (over 300 ohm)
developed within 10 s and automatically stopped the ablation. Furthermore, blood coagulation
was found around the electrode after these attempts. These lesion failures were the result of
limited contact area between the ablation electrode and tissue. When the Blazer II RFA catheter
was modified to incorporate PSOCT imaging, the center lumen of the ablation electrode was
enlarged, leaving the electrode tip with a 0.6-mm-thick ring around a 1-mm-diameter glass win-
dow. In addition, the ablation electrode has a dome-shaped tip and the window glass is flush with
the electrode surface. Therefore, when PSOCT indicated that the window glass was in
perpendicular contact with the tissue, it was still possible for the ablation electrode to be in poor
contact with tissue, especially with the heart wall under tension. In future prototypes, we will
enlarge the ablation electrode contact area. At the same time, we will slightly recess the window
glass surface relative to the electrode contact surface, so tissue contact with the window glass will
ensure contact between the ablation electrode and tissue.

While this work demonstrates the guidance functionality of the PSOCT-RFA catheter in per-
cutaneous RF procedures in a setting similar to a clinical electrophysiology scenario, this study
was limited to the RA of living swine instead of the LA, where PVI is conducted. Although
tissue structure in the LA around PVs is different from the RA, tissue scattering and birefrin-
gence change during ablation are similar.32 Therefore, these results serve as a proof of concept
for using PSOCT to guide RFA and justify future studies in the LA. In the future, ex-vivo and
in-vivo experiments will be conducted to validate the transmural lesion formation time by stop-
ping ablation at the time of loss of tissue birefringence, as determined by real-time PSOCT. To
test a PSOCT-RFA catheter in the LA, future living animal studies will be carried out in a lab
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outfitted with a biplane fluoroscopy, ICE, and 3D mapping to perform a transseptal puncture and
map the experiment.

5 Conclusion and Future Directions

This work demonstrates the basic functionality of a PSOCT-RFA catheter in a mock clinical
setting. Results demonstrate that PSOCT imaging can guide catheter-tissue apposition, monitor
lesion formation, and detect overtreatment in real time in living swine. In future work, we will
improve the catheter design by incorporating temperature measurement, electrogram recording,
and compatibility with a 3D mapping system. This will enable testing of the technology in more
realistic procedures, including introducing the integrated catheter into the LA via transeptal
puncture to simulate a PVI. We will also improve the PSOCT system using two orthogonal
illumination polarization states to improve measurement stability. Tissue birefringence changes
will be quantitatively analyzed instead of using the disappearance of colored bands in net retard-
ance images as a qualitative criterion. We anticipate that real-time guidance with PSOCT may
eventually reduce the recurrence of AF after PVI, thus giving patients a more robust curative
option for treatment.

Videos are provided as supplemental material to show the progression over time of trans-
mural and overtreated lesions monitored with the integrated PSOCT-RFA catheter, correspond-
ing to the examples shown in Figs. 2 and 3. Please click on Video 1 and Video 2 to download and
watch the videos.

Disclosures

The authors have neither relevant financial interests nor conflicts of interest to disclose.

Acknowledgments

This research was supported by the U.S. National Institutes of Health (NIH) (Nos. R21CA165398,
R21HL129174, R01HL083048, and R01HL126747); NIH NCAI funding; Case-Coulter
Translational Research Partnership; Case Western Reserve University (CWRU) Technology and
Validation Start-Up Fund Program; and China Scholarship Council. We acknowledge the Surgical
Training and Research Core at CWRU and Corcadence Inc. for the help with this animal experi-
ment and the help with the integrated catheter prototype.

References

1. R. Weerasooriya et al., “Ablation therapy for atrial fibrillation (AF): past, present and
future,” Cardiovasc. Res. 54(2), 337–346 (2002).

2. C. Pappone et al., “Circumferential radiofrequency ablation of pulmonary vein Ostia a
new anatomic approach for curing atrial fibrillation,” Circulation 102(21), 2619–2628
(2000).

3. H. Calkins et al., “2017 HRS/EHRA/ECAS/APHRS/SOLAECE expert consensus statement
on catheter and surgical ablation of atrial fibrillation,” EP Europace 20(1), e1–e160 (2018).

4. R. Kobza et al., “Late recurrent arrhythmias after ablation of atrial fibrillation: incidence,
mechanisms, and treatment,” Heart Rhythm 1(6), 676–683 (2004).

5. F. Ouyang et al., “Electrophysiological findings during ablation of persistent atrial fibrilla-
tion with electroanatomic mapping and double lasso catheter technique,” Circulation
112(20), 3038–3048 (2005).

6. M. Bohnen et al., “Incidence and predictors of major complications from contemporary
catheter ablation to treat cardiac arrhythmias,” Heart Rhythm 8(11), 1661–1666 (2011).

7. D. Scherr et al., “Five-year outcome of catheter ablation of persistent atrial fibrillation using
termination of atrial fibrillation as a procedural endpoint,” Circ. Arrhythmia Electrophysiol.
8(1), 18–24 (2015).

Zhao et al.: Intracardiac radiofrequency ablation in living swine guided by polarization-sensitive. . .

Journal of Biomedical Optics 056001-8 May 2020 • Vol. 25(5)

https://doi.org/10.1117/1.JBO.25.5.056001.1
https://doi.org/10.1117/1.JBO.25.5.056001.2
https://doi.org/10.1016/S0008-6363(02)00263-8
https://doi.org/10.1161/01.CIR.102.21.2619
https://doi.org/10.1093/europace/eux274
https://doi.org/10.1016/j.hrthm.2004.08.009
https://doi.org/10.1161/CIRCULATIONAHA.105.561183
https://doi.org/10.1016/j.hrthm.2011.05.017
https://doi.org/10.1161/CIRCEP.114.001943


8. X. Yu, R. P. Singh-Moon, and C. P. Hendon, “Real-time assessment of catheter contact and
orientation using an integrated optical coherence tomography cardiac ablation catheter,”
Appl. Opt. 58(14), 3823–3829 (2019).

9. D. Herranz et al., “Novel catheter enabling simultaneous radiofrequency ablation and optical
coherence reflectometry,” Biomed. Opt. Express 6(9), 3268–3275 (2015).

10. C. L. Aramburu et al., “Percutaneous RF ablation guided by polarization-sensitive
optical coherence reflectometry in an integrated catheter: experimental evaluation of the
procedure,” J. Innovative Card. Rhythm Manage. 6, 2086–2091 (2015).

11. C. P. Fleming et al., “Real-time monitoring of cardiac radio-frequency ablation lesion for-
mation using an optical coherence tomography forward-imaging catheter,” J. Biomed. Opt.
15(3), 030516 (2010).

12. C. P. Fleming, K. J. Quan, and A. M. Rollins, “Toward guidance of epicardial cardiac radio-
frequency ablation therapy using optical coherence tomography,” J. Biomed. Opt. 15(4),
041510 (2010).

13. C. P. Fleming et al., “In vitro characterization of cardiac radiofrequency ablation lesions
using optical coherence tomography,” Opt. Express 18(3), 3079–3092 (2010).

14. H. Wang et al., “In vivo intracardiac optical coherence tomography imaging through per-
cutaneous access: toward image-guided radio-frequency ablation,” J. Biomed. Opt. 16(11),
110505 (2011).

15. X. Fu et al., “Fiber-optic catheter-based polarization-sensitive OCT for radio-frequency
ablation monitoring,” Opt. Lett. 39(17), 5066–5069 (2014).

16. X. Zhao et al., “Integrated RFA/PSOCT catheter for real-time guidance of cardiac radio-
frequency ablation,” Biomed. Opt. Express 9(12), 6400–6411 (2018).

17. C. K. Hitzenberger et al., “Measurement and imaging of birefringence and optic axis
orientation by phase resolved polarization sensitive optical coherence tomography,” Opt.
Express 9(13), 780–790 (2001).

18. B. H. Park and J. S. Nelson, “In vivo burn depth determination by high-speed fiber-based
polarization sensitive optical coherence tomography,” J. Biomed. Opt. 6(4), 474–479
(2001).

19. E. Fischer, “The birefringence of striated and smooth mammalian muscles,” J. Cell. Comp.
Physiol. 23(3), 113–130 (1944).

20. P. Whittaker et al., “Histologic signatures of thermal injury: applications in transmyocardial
laser revascularization and radiofrequency ablation,” Lasers Surg. Med. 27, 305–318
(2000).

21. K. Yokoyama et al., “Novel contact force sensor incorporated in irrigated radiofrequency
ablation catheter predicts lesion size and incidence of steam pop and thrombus,” Circ.
Arrhythmia Electrophysiol. 1(5), 354–362 (2008).

22. B. Baumann et al., “Swept source/Fourier domain polarization sensitive optical coherence
tomography with a passive polarization delay unit,”Opt. Express 20(9), 10229–10241 (2012).

23. M. Villiger et al., “Deep tissue volume imaging of birefringence through fibre-optic needle
probes for the delineation of breast tumour,” Sci. Rep. 6, 28771 (2016).

24. O. G. Anfinsen et al., “Radiofrequency current ablation of porcine right atrium: increased
lesion size with bipolar two catheter technique compared to unipolar application in vitro and
in vivo,” Pacing Clin. Electrophysiol. 21(1), 69–78 (1998).

25. B. A. Hoffmann et al., “Interactive real-time mapping and catheter ablation of the cavotri-
cuspid isthmus guided by magnetic resonance imaging in a porcine model,” Eur. Heart J.
31(4), 450–456 (2010).

26. R. B. Schuessler et al., “Animal studies of epicardial atrial ablation,” Heart Rhythm 6(12
Suppl.), S41–S45 (2009).

27. J. Y. Sun et al., “Left atrium wall-mapping application for wall thickness visualisation,”
Sci. Rep. 8(1), 1–13 (2018).

28. R. Beinart et al., “Left atrial wall thickness variability measured by CT scans in patients
undergoing pulmonary vein isolation,” J. Cardiovasc. Electrophysiol. 22(11), 1232–1236
(2011).

29. F. H. M. Wittkampf et al., “RF catheter ablation: lessons on lesions,” Pacing Clin.
Electrophysiol. 29(11), 1285–1297 (2006).

Zhao et al.: Intracardiac radiofrequency ablation in living swine guided by polarization-sensitive. . .

Journal of Biomedical Optics 056001-9 May 2020 • Vol. 25(5)

https://doi.org/10.1364/AO.58.003823
https://doi.org/10.1364/BOE.6.003268
https://doi.org/10.19102/icrm.2014.060803
https://doi.org/10.1117/1.3459134
https://doi.org/10.1117/1.3449569
https://doi.org/10.1364/OE.18.003079
https://doi.org/10.1117/1.3656966
https://doi.org/10.1364/OL.39.005066
https://doi.org/10.1364/BOE.9.006400
https://doi.org/10.1364/OE.9.000780
https://doi.org/10.1364/OE.9.000780
https://doi.org/10.1117/1.1413208
https://doi.org/10.1002/jcp.1030230302
https://doi.org/10.1002/jcp.1030230302
https://doi.org/10.1002/1096-9101(2000)27:4%3C305::AID-LSM3%3E3.0.CO;2-W
https://doi.org/10.1161/CIRCEP.108.803650
https://doi.org/10.1161/CIRCEP.108.803650
https://doi.org/10.1364/OE.20.010229
https://doi.org/10.1038/srep28771
https://doi.org/10.1111/j.1540-8159.1998.tb01063.x
https://doi.org/10.1093/eurheartj/ehp460
https://doi.org/10.1016/j.hrthm.2009.07.028
https://doi.org/10.1038/s41598-018-22089-z
https://doi.org/10.1111/j.1540-8167.2011.02100.x
https://doi.org/10.1111/j.1540-8159.2006.00533.x
https://doi.org/10.1111/j.1540-8159.2006.00533.x


30. H. Doppalapudi, T. Yamada, and G. N. Kay, “Complications during catheter ablation of
atrial fibrillation: identification and prevention,” Heart Rhythm 6(12 Suppl.), S18–S25
(2009).

31. M. Tokuda, U. B. Tedrow, and W. G. Stevenson, “Silent steam pop detected by intracardiac
echocardiography,” Heart Rhythm 10(10), 1558–1559 (2013).

32. X. Zhao et al., “Integrated intra-cardiac catheter for polarization sensitive optical coherence
tomography-guided radiofrequency ablation (Conference Presentation),” Proc. SPIE 10471,
104710P (2018).

Xiaowei Zhao is a PhD student in Biomedical Engineering from Case Western Reserve
University. Her work focuses on developing integrated polarization-sensitive optical coherence
tomography integrated radiofrequency ablation (RFA) catheter to monitor and guide the intra-
cardiac RFA in the treatment of cardiac arrhythmias, especially atrial fibrillation, to improve
the procedure efficacy and safety.

Orhan Kilinc was a pediatric cardiologist at Rainbow Babies and Children’s Hospital.

Colin J. Blumenthal was a medical student at Case Western Reserve University. Now he is an
internal medicine resident in the Johns Hopkins Hospital Department of Medicine. Outside of
patient care, his research interests lie in cardiac ablation lesion formation and assessment. This
includes intraprocedural OCT and MRI to improve lesion quality and durability and newer
technologies like irreversible electroporation to form more robust lesions.

Deniz Dosluogluwas an undergraduate student in Electric Engineering and Computer Science at
Case Western Reserve University.

Michael W. Jenkins is the Dr. Donald and Ruth Weber Goodman Professor of Innovative
Cardiovascular Research at Case Western Reserve University. He has a primary appointment
in biomedical engineering and a secondary appointment in pediatrics. The research lab focuses
on developing new optical technologies and therapies for investigating congenital heart defects
and autonomic dysfunction. Previous advancements have fallen into several categories including
optical imaging (e.g., OCT), drug development, and infrared neuromodulation.

Christopher S. Snyder is the chief of the Division of Pediatric Cardiology at Rainbow Babies
and Children’s Hospital and an associate professor of Pediatrics in School of Medicine at Case
Western Reserve University. He has held a long-term interest in the new therapies of congenital
heart diseases and new technologies to improve the current pediatric cardiology treatments. He is
the board member of AAP section of Pediatric Cardiology and Pediatric Cardiology Review
Course.

Mauricio Arruda is the director of the Clinical Electrophysiology and Pacing at University
Hospital and an associate professor of School of Medicine at Case Western Reserve University.

Andrew M. Rollins is a professor of Biomedical Engineering at Case Western Reserve
University. His research interests include the development and application of biomedical optical
technologies, especially optical coherence tomography. Recent projects focus on the study of
developmental cardiology, ophthalmic disease, and endoscopic imaging of cardiovascular
disease.

Zhao et al.: Intracardiac radiofrequency ablation in living swine guided by polarization-sensitive. . .

Journal of Biomedical Optics 056001-10 May 2020 • Vol. 25(5)

https://doi.org/10.1016/j.hrthm.2009.07.025
https://doi.org/10.1016/j.hrthm.2012.07.018
https://doi.org/10.1117/12.2290560

