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Enhancing boundary detection 
of radiofrequency ablation lesions 
through photoacoustic mapping
Shang Gao 1*, Haotian Liu 1, Allison Post 4, Lukas Jaworski 4, Drew Bernard 4, Mathews John 4, 
Elizabeth Cosgriff‑Hernandez 5, Mehdi Razavi 4 & Haichong K. Zhang 1,2,3*

Atrial fibrillation (A‑fib) is the most common type of heart arrhythmia, typically treated with 
radiofrequency catheter ablation to isolate the heart from abnormal electrical signals. Monitoring 
the formation of ablation‑induced lesions is crucial for preventing recurrences and complications 
arising from excessive or insufficient ablation. Existing imaging modalities lack real‑time feedback, 
and their intraoperative usage is in its early stages. A critical need exists for an imaging‑based 
lesion indexing (LSI) method that directly reflects tissue necrosis formation. Previous studies have 
indicated that spectroscopic photoacoustic (sPA) imaging can differentiate ablated tissues from their 
non‑ablated counterparts based on PA spectrum variation. In this paper, we introduce a method for 
detecting ablation lesion boundaries using sPA imaging. This approach utilizes ablation LSI, which 
quantifies the ratio between the signal from ablated tissue and the total tissue signal. We enhance 
boundary detection accuracy by adapting a regression model‑based compensation. Additionally, the 
method was cross‑validated with clinically used intraoperative monitoring parameters. The proposed 
method was validated with ex vivo porcine cardiac tissues with necrotic lesions created by different 
ablation durations. The PA‑measured lesion size was compared with gross pathology. Statistical 
analysis demonstrates a strong correlation (R > 0.90) between the PA‑detected lesion size and gross 
pathology. The PA‑detected lesion size also exhibits a moderate to strong correlation (R > 0.75) with 
local impedance changes recorded during procedures. These results suggest that the introduced PA 
imaging‑based LSI has great potential to be incorporated into the clinical workflow, guiding ablation 
procedures intraoperatively.

Keywords Radiofrequency ablation, Atrial fibrillation, Catheter, Photoacoustic imaging, Ablation lesion 
indexing, Image-guided intervention

Radiofrequency (RF) catheter ablation is increasingly performed to treat atrial fibrillation, which is the most 
common type of heart arrhythmia. The catheter generates alternating current from the tip electrode, leading to 
Joule heating (i.e., resistive heating) in the surrounding  tissue1. This thermal damage triggers cellular death and 
isolates pulmonary veins for treatment. To prevent inadequate or excessive ablation, intraoperative monitoring 
of the ablated tissue is critical. Inadequate ablation can lead to recurrence 2, while excessive ablation may cause 
water vaporization (i.e., steam pop), a potentially severe  complication3,4 associated with embolic strokes and 
cardiac perforations. Although imaging modalities like magnetic resonance imaging (MRI)5,6 and computed 
tomography (CT)7,8 are clinically used to evaluate ablation lesions, they do not provide real-time feedback, and 
their intraoperative usage is still in its early stages. Therefore, it is critical to monitor necrotic lesion formation 
quantitatively intraoperatively to prevent excessive or incomplete ablation.

Numerous technologies have been explored to provide quantitative ablation feedback. Tissue temperature has 
been widely used to assess tissue necrosis. It is commonly believed that temperatures exceeding 50–55 °C may 
cause irreversible thermal-induced tissue damage, resulting in an ablation-induced necrotic  lesion9,10. However, 
the temperature sensor at the catheter tip only allows for the sensing of the surface temperature of the tissue, 
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making it challenging to assess the depth of a lesion. Changes in tissue impedance have also been used to evaluate 
heat delivery based on the current flow circuit. The drop in local impedance has been demonstrated to correlate 
with the growth of ablation-induced lesions, with a 20 Ω change being associated with successful  ablation10,11. 
Previous research suggests that ablation lesion dimensions increase with tissue-catheter contact  force12,13, RF 
 power14, and ablation  duration13. Various models have been introduced to calculate the LSI based on a com-
bination of these parameters for intraoperative  feedback15–17. Although the aforementioned methods indicate 
a positive correlation with ablation lesion size, the feedback LSI index lacks sensitivity to patient differences. 
Furthermore, this feedback is only available when RF energy is delivered. Post-ablation lesion detection is not 
achievable with this method. None of these methods provide direct visualization of the tissue and the distribution 
of the necrosis within the ablation region. Without this information, there is a risk of local excessive ablation 
or the occurrence of a discontinuous lesion leading to electrical reconnection in atrial fibrillation treatment.

Photoacoustic (PA) imaging, an emerging technology relying on laser-generated ultrasound (US), reveals 
tissue optical  absorption18–20. Different materials exhibit unique spectroscopic characteristics, enabling the char-
acterization of different  chromophores21,22. Previous studies reported the use of PA imaging to monitor RF 
ablation, observing differing PA spectra between ablated and non-ablated  tissues23,24. Spectroscopic PA (sPA) 
imaging distinguishes ablated tissue contrast from the non-ablated counterparts. Iskander-Rizk et al. demon-
strated real-time cardiac ablation monitoring using the intensity ratio of two-wavelength PA data in an ex vivo 
 setting25–27. The ablation-induced lesion has also been mapped on the in vivo swine cardiac model using ratio-
metric sPA (rsPA) between the ablation tissue signal and total tissue  signal28,29. Although the previous research 
has made significant contributions to the feasibility of PA imaging for detecting ablation-induced lesions, the 
quantitative accuracy of lesion boundary detection with PA imaging remains unexplored, and there has been no 
comparison between this imaging-based LSI index and established clinical standards for ablation monitoring. 
Understanding the accuracy of PA-based lesion detection is critical for intraoperative tissue characterization to 
prevent excessive and insufficient ablation.

In this study, we used the rsPA technique to examine RF ablation lesions with varying ablation durations. We 
performed statistical quantification for PA-detected lesion boundary definition based on the gross pathology. 
Additionally, a depth estimation algorithm enhances the accurate estimation of lesion size. The contribution 
of this work folds in two aspects, (1) this paper introduced a precise lesion boundary mapping method based 
on rsPA imaging and statistically validated the method with gross pathology and (2) correlated the PA-based 
ablation lesion detection with the clinically accepted standard of impedance monitoring. Figure 1 illustrates the 
concept of our proposed PA ablation lesion indexing, highlighting the ablation-induced lesion boundary during 
catheter RF ablation procedures.

Method
The proposed lesion boundary detection based on PA comprises three steps outlined in Fig. 2. Initially, necrotic 
mapping was computed using the PA spectrum obtained from multi-spectrum PA imaging. Subsequently, the 
depth of the thresholded lesion region was adjusted using a linear factor. Finally, the boundary of the depth-
corrected lesion region was visualized. The methodology for each step is elaborated in this section.

Photoacoustic necrotic mapping
This paper utilized a PA-based necrotic region mapping method to quantify the extent of ablation-induced necro-
sis with respect to non-necrotic tissues. The approach involves two main steps: spectroscopic decomposition and 
quantification of necrotic extent. Firstly, the method employs spectroscopic decomposition to distinguish the 
intensity distribution of ablated tissue from non-ablated tissue. This process involves decomposing the intensity 
distribution of two myocardium states using reference PA spectra of ablated and non-ablated tissue. Based on 

Figure 1.  The idea of photoacoustic (PA) ablation lesion indexing: detection ablation-induced lesion boundary 
during catheter RF ablation procedures.
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the assumption that the received PA spectrum consists of a linear combination of multiple chromophores, the 
contribution from each contrast source is estimated as Eq. (1) 30.

Here, p is the measured PA spectrum, i is the contrast source number, M is the number of absorbers, μa is the 
absorption spectrum of contrast source i at the wavelength w, and W presents the number of wavelengths used. 
m is the estimated composition of the contrast source that is ablated and non-ablated tissue in this scenario.

This approach has been commonly used in exploring blood-oxygenation  mapping31, neurovascular 
 mapping32,33, and contrast agent-enhanced  imaging30,34. The collected PA spectra are decomposed to separate 
the contribution of ablated and non-ablated tissue types. Following spectroscopic decomposition, the necrotic 
extent is quantified based on the contribution of ablated tissue intensity (mAb) relative to the combined intensity 
of non-ablated tissue (mN-Ab) as described in Eq. (2). This quantification is represented by the Necrotic Extent 
(NE) metric, which calculates the ratio between ablated tissue intensity and the sum of ablated and non-ablated 
tissue intensities.

Additionally, it is essential to consider the potential for insufficient light illumination during scanning and the 
presence of background noise in some pixels. In such cases, the measured PA spectrum may include signals that 
are not specific to either ablated or non-ablated tissue spectra, potentially affecting the accuracy of estimating 
both ablated and non-ablated tissue intensities. Also, tissue spectra can exhibit minor variability due to oxygena-
tion levels, leading to a higher residual spectrum after decomposition. The method addresses potential sources 
of signal noise by filtering out non-specific signal spectra from the measured PA spectrum, as shown in Eq. (3). 
The symbols used correspond exactly to those defined in Eq. (1). A residual spectral noise level was computed 
for each pixel, and a 2D mask was generated based on the thresholded noise level. This filtering process helps 
enhance tissue contrast in the scanned image by removing noise signals.

The rsPA-based necrotic mapping method offers an approach to quantifying tissue characteristics, allowing 
for non-binary characterization. This capability facilitates the visualization of tissue transitions during ablation, 
including the partially ablated regions resulting from heat penetration. Additionally, this method facilitates the 
visualization of lesion peripherals and provides precise delineation of the lesion boundary. By employing more 
wavelengths (n > 2) than the number of chromophores (n = 2), Eq. (1) becomes an overdetermined inverse 
problem. In contrast to methods using an equal number of wavelengths and chromophores, this overdetermined 
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Figure 2.  Photoacoustic (PA)-based ablation-induced lesion boundary detection pipeline. (a) Multi-wavelength 
PA images were unmixed based on the reference spectra of ablated and non-ablated tissue. (b) Necrotic mapping 
was computed from the ratio between ablated and non-ablated tissue intensity and filtered based on spectral 
noise. (c) Lesion area was thresholded, and linear depth compensation was applied. (d) Binary lesion map was 
displayed based on the depth-corrected PA image.
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rsPA method is less susceptible to noise and adept at distinguishing between non-ablated tissue contrast and 
non-specific signals unrelated to tissue.

Depth estimation
While PA imaging has effectively demonstrated its capability in detecting ablation-induced lesions, previous 
studies consistently indicate an underestimation in lesion depth detection. Accurate estimation of lesion depth 
is crucial to mitigate ablation-related collateral damage, such as esophagus  injury35. To address this challenge, 
a linear regression model-based compensation was implemented on the acquired PA images. The acquired PA 
imaging data was divided into calibration and evaluation groups. Acquired scanning data was randomly selected 
in each ablation group, and the PA-estimated depth was compared to the actual lesion size measured from gross 
pathology. A depth compensation factor was computed to minimize the error between PA scanning and pathol-
ogy measurements, and this factor was then applied to the evaluation group, which contained the remaining scans 
from each group. The linear regression algorithm was chosen for its simplicity and effectiveness in modeling the 
relationship between PA-estimated depth and actual lesion size. The model parameters, including the slope and 
intercept, were determined based on the calibration group data. The depth-corrected lesion size was compared 
to the corresponding gross pathology measurement, and the root mean square error (RMSE) was computed.

PA‑indexing correlation
The clinically accepted ablation parameters, including the duration of ablation and local impedance, were 
recorded during the procedure. Ablation duration and impedance changes were chosen for correlation analysis 
because they provide essential intraoperative feedback that can guide the ablation procedure. These two param-
eters are widely accepted clinical standards reflecting the status of the entire lesion. By understanding how PA 
imaging correlates with these established standards, the study aims to demonstrate the accuracy and reliability 
of PA imaging for real-time monitoring of RF ablation lesions. While other parameters such as temperature 
are also used for monitoring, temperature monitoring can only be performed at the tissue surface and without 
assessing heat penetration depth. Spearman’s rank correlation coefficient was computed to assess the relationship 
between the size of the lesions mapped by the PA imaging and these ablation parameters. This correlation was 
evaluated along the width and depth axes measured by the PA-based boundary detection method. By analyzing 
the correlation coefficient, we aimed to gain insight into the sensitivity of PA-based ablation indexing and cor-
relate the PA indexing with the ablation LSI used in clinical practice, providing valuable information for further 
optimization of the ablation procedure. Additionally, procedures have been implemented to avoid confound-
ing variables during correlation analysis. Samples were randomly assigned to study groups and processed and 
scanned using identical protocols to enhance the validity of the analysis.

Experiment setup
Sample preparation
The proposed ablation boundary detection method was evaluated using an ex vivo study. Ex vivo porcine car-
diac tissue samples were ablated and scanned with sPA imaging. The PA-based boundary detection method was 
assessed under various ablation extent and lesion sizes to demonstrate its sensitivity and accuracy. In order to 
evaluate the accuracy of the quantitative PA indication, the samples were ablated under various conditions. The 
acquired sPA images were processed using the proposed rsPA method to identify ablated tissue.

A total number of 6 porcine hearts were acquired from a local grocery store in this study, and the tissue was 
dissected into 35 samples for ablation with similar surface size from ventricles and atriums. Samples were ran-
domly separated into 5 groups with different ablation durations assigned with the same parameter settings. 10, 
15, 20, 25, and 30 s of RF ablation were performed with each group of tissue samples. A typical cardiac ablation 
procedure takes less than 60 s, depending on the location of the heart and the ablation parameters selected. Based 
on our pilot study, a 30-s ablation in our ex vivo setup produces a sufficient to excessive lesion, with charring 
observed in the center and potential steam pop occurrence. Conversely, a 10-s ablation produces a non-visible 
to barely visible lesion. Therefore, we selected five ablation durations between 10 and 30 s.

The ablation was performed using an irrigated 4 mm-tip ablation catheter (Safire BLU Duo Irrigated Abla-
tion Catheter, St Jude Medical, Saint Paul, MN) connected to a cardiac ablation generator (1500TR9-CP, St Jude 
Medical, Saint Paul, MN). The RF ablation was delivered at 35W with a temperature limit of 40 °C. The irriga-
tion speed was 17 mL/min. The catheter tip sensing impedance parameter was recorded during the ablation 
procedure. Tissue samples were kept wrapped in PBS-soaked gauze when not being ablated or scanned to retain 
hydration and prevent tissue necrosis.

Sample scanning
The sPA scanning was performed on the tissue sample immediately following the ablation procedure. To ensure 
accurate imaging, the tissue sample was initially positioned under the imaging probe, and a preliminary US 
image was used to search for the ablation area. The probe was then manually adjusted to ensure the ablation 
spot was centered within the imaging field. Fine adjustments were made based on real-time feedback from the 
US images. The accuracy of the alignment was verified by comparing the location of the ablation spot in the US 
images with the known coordinates of the ablation area with respect to tissue shape. Tissue was manually aligned 
at a depth of 15 mm from the transducer surface, which is the light focal depth based on the probe design, to 
ensure consistent illumination between samples and maximize illumination efficiency. In order to facilitate effec-
tive sound transmission, the sample was immersed in a saline solution. The imaging process involved capturing 
both PA and US images at the ablation spot. A linear array ultrasound transducer (L12-5 50 mm Transducer, 
Philips, Netherlands) was used to acquire signals. A dual-head fiber bundle connected to a laser system (Phocus 
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MOBILE, OPOTEK, USA) delivered light energy for PA excitation. A 3D-printed fiber housing aligned the light 
illumination field and imaging plane. The laser system emits wavelength-tunable light (690–950 nm) at maxi-
mum repetition rates of 20 Hz, serving as the PA excitation source. We used the Verasonics system (Vantage 
128, Verasonics, USA) for data acquisition.

We utilized a selective wavelength range of 700–850 nm for PA imaging, with intermediate steps of 10 nm 
covering the spectral signatures of both ablated and non-ablated tissue. This choice of wavelengths enabled us to 
detect specific optical absorption characteristics of the ablated sample tissues. The energy spectrum of the laser 
was recorded to compensate for signal fluctuations in wavelength-dependent laser output energy. The scanning 
pipeline and setup are shown in Fig. 3.

To enhance the quality of the PA imaging and suppress random signal noise, an averaging filter was applied 
at each wavelength. This filter averages the acquired signals from 64 consecutive frames, resulting in a clearer 
representation of the tissue structure and properties. By reducing noise, the obtained images were more reliable 
and presented higher contrast and resolution. Delay-and-sum algorithm was used for signal  beamforming36.

Gross pathology
A gross-pathology comparison was performed between the post-scanning sample and the necrotic region 
detected in rsPA to evaluate the accuracy of the detection. The cardiac tissue sample was stained with 2% 
2,3,5-Triphenyltetrazolium chloride (TTC) in 0.9% saline solution for 20 min at 37 °C to enhance the visibility of 
the ablation lesion. TTC is a metabolic function marker and a reliable indicator of damaged areas in experimental 
models. It is a colorless, water-soluble dye that is reduced by the mitochondrial enzyme succinate dehydrogenase 
of living cells into a water-insoluble, light-sensitive compound (formazan) that turns normal (non-ablated) tissue 
deep red. In contrast, damaged (ablated) tissue remains white, showing the absence of living cells and thereby 
indicating the damaged region.

Results
PA necrotic mapping
The porcine samples subjected to ablation were scanned using sPA imaging within a wavelength range of 
700–850 nm. The average pulse energy was 6.1 ± 1.0 mJ measured from the fiber output. The sPA image was 
then analyzed by decomposing it based on the spectra of ablated and non-ablation tissues. This allowed the 
computation of the NE for each pixel, providing valuable information about tissue damage. Figure 4 displays the 
selected ablation lesion mapped by PA imaging for each condition group. The PA mapping was overlaid onto the 
US image, which was also scanned at the same location and revealed the tissue geometry. The results demon-
strate that PA imaging successfully identifies the tissue boundary, corresponding to the scanned tissue geometry 
observed in the US image. The ablation lesion was consistently detected in all the scanned samples, represented 
by the highlighted red region, while blue pixels indicate non-ablated tissue. As anticipated, the ablated tissue was 
precisely mapped in the central region, aligning with the sample alignment. The surrounding tissue was identified 
as non-ablated, affirming the specificity of the rsPA-based ablation mapping technique.

In addition to detecting ablation-induced lesions, we extracted the PA spectra from both ablated and non-
ablated regions across all scanned samples. Figure 5 displays the normalized spectra of the ablated lesion and 
the non-ablated tissue within the 700–850 nm wavelength range. A local peak near 760 nm was observed in the 
spectrum of the non-ablated tissue, which aligns well with the deoxyhemoglobin spectra. This peak was absent 
after ablation. These results are consistent with the PA spectra reported in previous  literature24,28.

Depth estimation
The lesion size of the ablated porcine sample was assessed using both PA imaging and gross pathology. The 
PA lesion map was binarized with a threshold NE value of 0.3, and the width and depth of the resulting lesion 
region were measured. The ablated sample was sliced along the imaging plane and stained with TTC solution to 
highlight tissue damage for pathological measurements. The lesion size was manually measured and recorded 
as the ground truth value. The comparison of the two measurements is presented in Fig. 6 below.

Figure 3.  (a) Sample scanning protocol: ex vivo samples were first ablated and then scanned with ultrasound 
(US) and spectroscopic PA (sPA) from 700 to 850 nm. (b) Sample scanning setup diagram: ablated tissue 
samples were scanned with US and PA submerged in water for acoustic coupling.
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Figure 4.  Necrotic mapping of the ablated tissue samples with tissue boundary illustrated under different 
ablation durations. The gross pathology from the ablation surface and imaging slice were displayed.

Figure 5.  Average and standard deviation of tissue spectra (ablated lesion in red color, non-ablated tissue in 
blue color) extracted from 35 tissue samples.
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Figure 6.  Comparison between PA-based ablation-induced lesion size and size measured by gross pathology.



7

Vol.:(0123456789)

Scientific Reports |        (2024) 14:19370  | https://doi.org/10.1038/s41598-024-68046-x

www.nature.com/scientificreports/

The results illustrate the relationship between PA measurements and pathological measurements. Pearson’s 
linear correlation coefficients for width and depth axes were computed, yielding coefficients of R: 0.965 (width) 
and R: 0.903 (depth), respectively. These high correlation values affirm the accuracy of PA-based ablation lesion 
detection. The RMSE of the PA-based lesion width is 0.659 mm compared to the gross pathology measurement.

While the quantitative evaluation demonstrates a high sensitivity in rsPA-based lesion detection, the depth 
evaluation reveals a consistent underestimation trend, with a linear fitting line slope of 0.642. To address this 
issue, four measurements were randomly selected in each scanning group (total n = 20) to calculate the regres-
sion model-based compensation factor for depth estimation. The computed compensation factor, based on the 
calibration group, was 1.541. The depth estimation was then evaluated with the remaining three measurements 
in each group (total n = 15). The before-and-after depth correction measurements are depicted in Fig. 7. The 
slope of the linear fitting line improved from 0.633 to 0.975 in the evaluation group. The RMSE between PA and 
pathological measurements in the evaluation group was calculated and reported as 0.452 mm, and 0.813 mm 
across all 35 samples after depth correction.

PA‑indexing correlation with ablation duration and impedance changes
The measured ablation lesion size using PA was compared with ablation parameters, including ablation duration 
and local impedance changes, to further evaluate the sensitivity of PA-based ablation indexing. The lesion size 
was initially compared with the ablation duration in both width and depth axes, as illustrated in Fig. 8. In both 
axes, the lesion size increased with the ablation duration, a trend consistently observed in both PA imaging and 
pathological measurements. The Spearman’s rank correlation coefficient between lesion size and ablation duration 
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was calculated, yielding correlation coefficients for pathology width (R: 0.628), rsPA width (R: 0.716), pathology 
depth (R: 0.610), and rsPA depth (R: 0.496), indicating a moderate to strong positive correlation.

While ablation duration is a crucial parameter during the procedure, it may not fully consider tissue variability 
and catheter contact. Another parameter widely acknowledged by the community to reflect ablation extent is 
local impedance changes, with previous research suggesting that a 20-Ω impedance drop can be deemed as a 
sufficient indicator of ablation. Consequently, we proceeded to compare the lesion size with the recorded imped-
ance changes during the ablation, and the results are depicted in Fig. 9.

The results reveal a moderate to strong correlation between lesion size and the local impedance drop, with 
correlation coefficients as follows: pathology width (R: 0.777), PA width (R: 0.759), pathology depth (R: 0.697), 
and PA depth (R: 0.768). This quantitative finding demonstrates that PA-based ablation indexing is sensitive to 
local tissue changes and aligns with existing clinical standards.

Discussion
This study introduced a rsPA-based lesion boundary detection method to map ablation-induced necrotic tis-
sue during RF catheter ablation procedures. We developed an image-based method to map necrotic regions 
by quantifying the NE. This involves assessing the intensity of ablated tissue relative to non-ablated tissue. By 
distinguishing between the intensity distributions of ablated and non-ablated tissues, we estimate the extent of 
necrosis based on the ratio of ablated tissue intensity to the combined intensity of both tissues.

Our experimental evaluations using ex vivo porcine cardiac tissue samples confirmed the feasibility of rsPA-
based ablation LSI. After ablating the samples with varying durations, the rsPA method effectively identified and 
mapped the ablation lesions, precisely delineating the boundaries of necrotic tissue. The PA-based estimation 
of lesion size demonstrated a strong correlation with the actual lesion size determined by gross pathology with 
coefficients of R: 0.965 (width) and R: 0.903 (depth). These findings suggest that PA imaging offers accurate 
size evaluation and visualization of ablation-induced lesions, with depth correction addressing the issue of 
underestimation.

The PA-based ablation indexing was compared to clinically accepted standard parameters, namely ablation 
duration and local impedance changes during the procedure. Literature suggests a positive association between 
both ablation duration and local impedance drop with lesion size growth. Ex vivo samples were subjected to abla-
tion under various durations. Both PA and pathological measurements revealed a moderate positive correlation 
(R > 0.49) with ablation duration and a moderate to high correlation (R > 0.75) with recorded impedance changes. 
These findings further validate the viability of PA imaging for ablation indexing and bridge this imaging-based 
approach with existing parameter-based models.

While the study demonstrates the potential of rsPA-based ablation indexing, certain limitations exist in 
our presented results. Firstly, the research was conducted ex vivo using porcine cardiac tissue samples, which 
may not fully capture the complexity and variability of in vivo human cardiac ablation procedures, consider-
ing factors such as higher oxygen saturation levels and cardiac motion. We have addressed these limitations by 
demonstrating PA-based ablation-induced lesion detection with in vivo beating heart  conditions29, highlighting 
its potential applicability in real-time clinical settings. Secondly, our depth estimation algorithm was introduced 
to address the consistent underestimation of lesion depth detection in PA imaging. While it enhanced depth 
estimation accuracy, further refinement and validation of this algorithm are necessary to investigate its reliability 

Figure 9.  Comparison of ablation lesion size (width and depth) and impedance change during ablation.
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in determining lesion size and depth. Thirdly, there are potential discrepancies between the sample slice used 
for gross pathology and the corresponding slice in PA imaging. These differences can arise from challenges in 
aligning the images as well as tissue deformation occurring during incision and staining processes. Addition-
ally, factors such as imaging resolution, and signal artifacts can be potential sources of error between PA and 
gross-pathology measurements. Finally, the ablation system used in this study did not record parameters such 
as catheter contact force, which is considered in some existing ablation lesion indexing models. However, the 
local impedance evaluated in this study can partially reflect catheter contact force.

Developing real-time monitoring and feedback systems based on PA imaging could have significant clinical 
implications. This would allow clinicians to assess the effectiveness of ablation in real-time, thereby preventing 
insufficient or excessive ablation and reducing the risk of complications. However, several critical aspects need 
to be addressed to fully integrate PA-based ablation indexing into intraoperative monitoring.

Firstly, rigorous validation through animal model studies and clinical trials is essential to evaluate the effec-
tiveness and safety of PA imaging during cardiac ablation procedures. Intracardiac echocardiography imaging 
through a catheter is currently used in cardiac ablation procedures to image different locations of the heart to 
guide ablation catheter  positioning37. Our proposed system does not deviate from the use of an imaging catheter 
during the ablation procedure. Nonetheless, a new clinical workflow may have to be developed to incorporate 
PA imaging into current cardiac ablation procedures. Secondly, the proposed regression model-based depth cor-
rection algorithm needs updating to align with human myocardial models and to account for patient diversity, 
including variations across different demographic groups. Achieving this requires multicenter clinical trials and 
leveraging publicly available medical imaging repositories, which are currently limited for PA  imaging38. Addi-
tionally, the current correction factor is calibrated based on a well-controlled setup with the sample located at the 
same depth to avoid fluence variation. Future variations in the PA imaging setup and transducer proximity could 
influence the correction factor, particularly due to changes in illumination fluence and the resulting depth pen-
etration of the light. We are planning to validate and adjust the depth-correction factor through rigorous in vivo 
testing, ensuring its reliability across different conditions. Given the data variability, advanced machine learning 
algorithms should be incorporated to handle multi-dimensional information more effectively than simple linear 
regression, enhancing the accuracy of lesion boundary detection. Thirdly, lesion detection should be integrated 
into the control framework of the ablation energy delivery system. Reinforcement learning algorithms could be 
employed to adaptively adjust ablation parameters in real-time based on continuous feedback from PA imaging 
this approach would optimize the ablation process, ensuring effective lesion creation while minimizing damage 
to surrounding  tissues39. Lastly, a miniaturized catheter-based PA imaging device is required for intracardiac 
PA imaging. This necessitates the development of advanced signal beamforming for multiwavelength PA imag-
ing and processing algorithms to achieve reliable high-contrast PA imaging. This is crucial given the dynamic 
environment of a beating heart and the potential for degraded imaging quality due to the miniaturization of 
the device. By addressing these aspects, the integration of PA imaging into real-time intraoperative monitoring 
could significantly enhance the precision and safety of cardiac ablation procedures.

Conclusion
This paper introduces a PA imaging-based method for detecting ablation lesions boundary and quantifying 
the extent of ablation-induced necrosis. The method utilizes spectroscopic decomposition to differentiate the 
intensity distribution of ablated tissue from non-ablated tissue. The necrotic extent is quantified by estimating 
the contribution of ablated tissue intensity relative to the combined intensity of ablated and non-ablated tissue. 
The study results demonstrate accurate mapping (R > 0.90) of lesion size with the proposed depth correction 
algorithm, compared with gross pathology with measured RMSE of 0.452 mm. Additionally, the PA-based 
indexing shows a positive correlation with clinically accepted parameters, including ablation duration (R > 0.49) 
and local impedance drops (R > 0.75). These findings underscore the potential of utilizing PA imaging in clinical 
practice to enhance cardiac ablation patient outcomes.

Data availability
The data that support the plots and other findings of this study are available from the corresponding authors 
upon reasonable request.
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