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Background

Three-dimensional (3D) volumetric ablation margin assessment after thermal ablation of liver tumors using software has been described, but its predictive value on treatment efficacy when accounting for other factors known to correlate ablation site recurrence (ASR) remains unknown.



Purpose

To investigate 3D quantitative ablation margins (3D-QAMs) as an algorithm to predict ASR within 1 year after stereotactic microwave ablation (SMWA) for colorectal liver metastases (CRLM).



Materials and Methods

Sixty-five tumors in 47 patients from a prospective multicenter study of patients undergoing SMWA for CRLM were included in this retrospective 3D-QAM analysis. Using a previously developed algorithm, 3D-QAM defined as the distribution of tumor to ablation surface distances was assessed in co-registered pre- and post-ablation CT scans. The discriminatory power and optimal cutoff values for 3D-QAM were assessed using receiver operating characteristic (ROC) curves. Multivariable logistic regression analysis using generalized estimating equations was applied to investigate the impact of various 3D-QAM outputs on 1-year ASR while accounting for other known influencing factors.



Results

Ten of the 65 (15.4%) tumors included for 3D-QAM analysis developed ASR. ROC analyses identified i) 3D-QAM <1 mm for >23% of the tumor surface, ii) 3D-QAM <5 mm for >45%, and iii) the minimal ablation margin (MAM) as the 3D-QAM outputs with optimal discriminatory qualities. The multivariable regression model without 3D-QAM yielded tumor diameter and KRAS mutation as 1-year ASR predictors. When adding 3D-QAM, this factor became the main predictor of 1-year ASR [odds ratio (OR) 21.67 (CI 2.48, 165.21) if defined as >23% <1 mm; OR 0.52 (CI 0.29, 0.95) if defined as MAM].



Conclusions

3D-QAM allows objectifiable and standardized assessment of tumor coverage by the ablation zone after SMWA. Our data shows that 3D-QAM represents the most important factor predicting ASR within 1 year after SMWA of CRLM.
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Introduction

Thermal ablation such as microwave ablation (MWA) is a tissue-sparing treatment alternative to hepatic resection in selected patients, yielding similar treatment efficacy, recurrence-free survival, and overall survival as described in non-randomized studies (1–5). Treatment efficacy can be significantly enhanced by using stereotactic navigation technology for precise targeting of liver tumors as opposed to conventional targeting techniques (6, 7).

The main remaining drawback of thermal ablation is the relatively frequent suspicion of viable tumor tissue at the edge of the ablation zone [ablation site recurrence (ASR)] reported between 2% and 41% for colorectal liver metastases (CRLM) (8, 9). Several factors negatively correlated with ASR after thermal ablation of CRLM have been identified in multivariable models, including tumor size (10–15), prior liver resection (16), carcinoembryonic antigen (CEA) levels (17), proximity to larger intrahepatic vessels (10, 13, 18), and mutational status of KRAS oncogenes (16, 19–21). Most importantly, the completeness of ablation as described by the extent of the ablation margin represents an independent predictor of ASR (16, 18, 19, 22, 23). Taking margin evaluation one step further, ablation margins assessed in 3D using dedicated software have been described and applied for prediction of ASR (24, 25). However, the correlation of volumetric ablation margins with ASR, while taking into account other previously described independent predictors of ASR, has not yet been investigated (16, 19–21). Moreover, measurement accuracy of previous studies investigating volumetric ablation margins as a predictive factor of ASR was limited to a slice thickness of computed tomography (CT) images of 3–5 mm (24, 25).

The aim of the present study was to acquire further knowledge on predictors of ASR after stereotactic microwave ablation (SMWA) of CRLM by i) investigating three-dimensional quantitative ablation margin (3D-QAM) as a predictor of 1-year ASR, considering factors previously shown to be negatively correlated with ASR, and ii) identifying and comparing different outputs of 3D-QAM and their effect sizes in a multivariable model in data from a prospective European multicenter trial.



Materials and Methods


Study Population

Retrospective analysis of prospectively collected data from patients included in the MAVERRIC (Microwave Ablation Versus Resection for Resectable Colorectal liver metastases) trial was performed. The MAVERRIC trial is a prospective cohort study comparing SMWA to surgical resection for resectable CRLM performed in three European tertiary hepato-pancreato-biliary surgery centers (Inselspital, Bern, Switzerland; University Medical Center Groningen, Groningen, Netherlands; and Danderyd Hospital, Stockholm, Sweden). Patients had a maximum of five CRLM ≤30 mm, considered eligible for both resection and SMWA as decided in local multidisciplinary tumor board meetings, and deliberately underwent SMWA. The trial was registered at clinicaltrials.gov (NCT02642185) and approved by all regional ethical review boards. While the primary endpoint of the MAVERRIC study is overall survival, the current paper focuses on factors influencing ASR within 1 year. Between January 2016 and December 2018, 98 patients were included in the MAVERRIC study and a total of 168 CRLM treated with SMWA. Of these, 65 tumors in 47 patients were eligible for enrollment in the current retrospective 3D-QAM analysis (Figure 1).




Figure 1 | Flowchart of retrospective inclusion of tumors for three-dimensional quantitative ablation margin (3D-QAM) analysis.





Stereotactic Microwave Ablation Procedure and Follow-Up

All procedures were performed in the interventional CT suite by interdisciplinary teams consisting of specifically trained interventional radiologists and hepatobiliary surgeons with large experience in image-guided tumor ablation (all operators have performed >100 SMWA procedures). Patients were placed under general anesthesia and positioned on a vacuum mattress to eliminate patient movement. High-frequency jet ventilation (26) or controlled apnea was applied during image acquisition and antenna manipulations. Procedures were performed with 64-multidetector row CT systems (Siemens Somatom Sensation 64; Toshiba Aquilion One, Toshiba). All contrast-enhanced (CE)-CT scans had an in-plane resolution of 0.6–1.0 mm × 0.6–1.0 mm and a slice thickness of maximum 1 mm. The CAS-ONE system (Cascination AG, Bern, Switzerland) or the Needle Positioning System (NPS; DEMCON Advanced Mechatronics, Enschede, Netherlands) was used for stereotactic tumor targeting. Workflows were described in detail previously (27–29). A CE-CT scan performed in portal venous phase was acquired for planning of ablation trajectories before stereotactic placement of ablation antennas. A non-enhanced CT scan was acquired after each antenna manipulation for validation of antenna positions. Single-needle MWA was performed with Acculis (Angiodynamics, Latham, NY, USA), Amica (HS Hospital Service SPA, Rome, Italy), or Emprint (Covidien, Minneapolis, MN, USA) systems. A CE-CT scan was performed in portal venous phase directly after antenna extraction, and validation of technical success was evaluated visually by direct overlay of co-registered pre- and post-ablation images. Technical success at the time of the procedure was defined as complete coverage of the tumor by the ablation zone aiming for an ablation margin of ideally 5–10 mm. If this was not achieved, immediate re-ablation with SMWA was performed. If after immediate re-ablation no final CE-CT scan could be performed due to intravenous contrast dosing limits, these patients were not eligible for inclusion in the current retrospective analysis. The first follow-up imaging (MRI or CT) was performed within 3 months after the intervention and thereafter every 3–4 months during the first year, applying standardized terminology and reporting criteria (30). ASR was defined as the appearance of tumor foci at the edge of ablation zone during follow-up (31).



Data Extraction and Definitions

Patient and tumor characteristics, details on neoadjuvant chemotherapy, CEA levels, and follow-up data on ASR within 1 year from SMWA treatment were extracted from the prospective secured MAVERRIC study database. KRAS mutational status was assessed on specimen of the primary tumor. A subcapsular tumor location was defined as a minimal distance of the edge of the tumor to the liver capsule of ≤5 mm. A perivascular location was defined as a minimal distance of ≤5 mm from the edge of the tumor to a vessel with a diameter of ≥3 mm.



Quantitative Ablation Margin and Ablation Site Recurrence

Ablation margins were assessed retrospectively using a previously developed algorithm for 3D-QAM computation based on a signed Euclidean surface distance map, including an algorithm to account for subcapsular tumors. To calculate 3D-QAM, tumor and ablation volumes were segmented on co-registered pre- and post-ablation scans using a semiautomatic segmentation tool (Amira 6.3, ThermoFisher Scientific, USA), which at the time of procedures was not integrated in the navigation software. 3D-QAM was defined as the distribution of surface to surface distances between the tumor and the ablation boundaries, as shown in Figure 2. The mathematical model and open-source code of the algorithm were described in detail previously (32). Output of the 3D-QAM algorithm included numerical values and visual illustrations of relative distributions of ablation margin distances, i.e., the total tumor surface area covered by the ablation margins.




Figure 2 | Method of computation of three-dimensional quantitative ablation margin (3D-QAM). Left: segmentation of tumor (red) and ablation (blue) volumes. After calculating 3D-QAM, defined as the distribution of tumor to ablation surface distance (32), the QAM output can be displayed as a histogram (upper right image) or as a 3D visualization of the ablation volume surface (lower right image). In the histogram, each bin represents the percentage of tumor surface covered by a specific distance (e.g., 1 mm). Margins to the tumor surface of >5 mm are marked in green, of 0–5 mm in yellow, and of <0 mm (residual tumor) in red. In this example, 15.11% of the tumor surface was covered by an ablation zone of at least 5 mm (green).



A regression model of factors influencing ASR within 1 year was created (baseline model A), including factors previously described to be associated with ASR, as assessed in a meticulous literature search (13–22). To assess the optimal application of 3D-QAM and its influence on ASR, 3D-QAM was then added in varying outputs to the baseline model as follows: i) Model B: All clinical factors of model A plus 3D-QAM as a continuous variable of the minimal ablation margin (MAM) (33); ii) Model C: All clinical factors of model A plus 3D-QAM as the optimal discrimination threshold of all possible 3D-QAM distributions, as identified in receiver operating characteristic (ROC) curves; and iii) Model D: All clinical factors of model A plus 3D-QAM as the optimal discrimination threshold of the previously described 5-mm margin (34). Cutoff values identified in the ROC curves using the Youden index (maximum sensitivity/specificity) were used to define binary variables for models C and D.



Statistical Analyses

Means and standard deviation or median and interquartile range (IQR) were reported for continuous variables and number and percentage for categorical variables. The chi-square test was applied to compare categorical variables and Mann–Whitney U test for nonparametric continuous variables. Multivariable logistic regression analysis was applied to investigate factors associated with 1-year ASR. All variables previously reported and thought to potentially affect ASR after ablation of CRLM were included as independent variables (baseline model A). Consecutively, 3D-QAM was added in various outputs as described above (models B, C, and D). Repeated-measures analysis using generalized estimating equations (GEEs) was applied to account for intra-class correlations, arising due to ablation of multiple tumors in the same patient and inclusion of patient-specific variables (CEA levels, KRAS mutation) while focusing on a tumor-specific outcome (ASR). An independent correlation structure and a robust estimator of covariance were applied. Effect estimates are reported as odds ratios (ORs) and 95% confidence intervals (CIs). The threshold for statistical significance was set at p < 0.05. Comparisons between regression models were performed using ANOVA. R (R Core Team, 2019) and RStudio (RStudio Inc., USA) were used for statistical analyses.




Results


Clinical and Intervention-Related Data

Table 1 shows clinicopathological characteristics of the 47 patients with 65 tumors at the time of SMWA. Median tumor diameter was 13 mm (IQR 10–20 mm), with two tumors treated with a diameter above 30 mm (34 and 41 mm) due to tumor growth between date of patient inclusion and date of SMWA. Sixteen (34.0%) patients received neoadjuvant chemotherapy before ablation, with no significant differences between centers (p = 0.955). All ablations were performed with a single antenna with a median power of 100 W (IQR 80–120 W) and median time of 4 min (IQR 3–8 min) per tumor. Median number of antenna positions was 1 (IQR 1–5) per ablation, and median dose length product was 1,192 mGy * cm (IQR 960–1,925 mGy * cm) per procedure. All tumors included in this study were presumed to be treated technically successful, with no residual tumors detected at the end of the SMWA procedure, as assessed by direct overlay of co-registered pre- and post-ablation images.


Table 1 | Clinicopathological characteristics.





Quantitative Ablation Margins and Ablation Site Recurrence

Table 2 shows numerical results for 3D-QAM analyses. Two examples of tumors treated with SMWA with corresponding 3D-QAM assessment and histograms are shown in Figure 3. Ten of the 65 included tumors (15.4%) developed ASR at follow-up within 1 year, with no differences in ASR between the three centers (p = 0.356). Smaller MAM (p = 0.001) and higher percentages of margins <0 mm in 3D-QAM (p = 0.003) were seen in tumors with ASR compared to tumors without ASR. No ASR occurred in tumors with coverage of 100% of the tumor surface by an ablation margin of at least 2 mm (100% 3D-QAM of ≥2 mm) and 90% coverage of at least 3 mm (90% 3D-QAM of ≥3 mm). The ROC curves investigating the diagnostic ability of varying 3D-QAM outputs are shown in Figure 4. Of all percentages of 3D-QAM analyzed between 0 and 10 mm, the area under the curve (AUC) was greatest (AUC = 0.77) for a 3D-QAM of 1 mm; hence, the distribution of 3D-QAM <1 mm was chosen for model C. The ROC curves for 3D-QAM <5 mm (AUC = 0.69) and 3D-QAM <1 mm yielded optimal discrimination thresholds at 45% and 23%, respectively (Figure 4).


Table 2 | Numerical results of 3D-QAM assessment.






Figure 3 | Example cases of three-dimensional quantitative ablation margin (3D-QAM) assessment in patients with colorectal liver metastases (CRLMs). Upper images: contrast-enhanced CT image of a CRLM in segment 8 treated with stereotactic microwave ablation (SMWA), with corresponding histogram of 3D-QAM on the right. Lower images: contrast-enhanced CT image of CRLM in segment 7 and its corresponding histogram of 3D-QAM distribution on the right. Segmentations of the tumor in both CT scans are marked in red, and the corresponding ablation volumes are marked in blue. Relative distribution of ablation margins with respect to percentage of tumor surface covered is displayed as a histogram, colored green for margins >5 mm, yellow for margins 0–5 mm, and red for residual tumor (margins <0 mm).






Figure 4 | Receiver operating characteristic (ROC) curves illustrating the diagnostic ability of varying outputs of three-dimensional quantitative ablation margins (3D-QAMs). Left: All ROC curves with percentages of tumor coverage of least 0, 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 mm. The highest accuracy [area under the curve (AUC) = 0.77] in predicting ablation site recurrence (ASR) was found for the tumor coverage of 1 mm indicated in red. Right: Blue curve, minimal ablation margin (MAM); red curve, percentages of tumor coverage <1 mm; green curve, percentages of tumor coverage <5 mm. Optimal discrimination thresholds of each curve are indicated with an asterisk (*).



Results from the logistic regression analysis investigating factors associated with ASR are summarized in Table 3. The baseline model without inclusion of 3D-QAM (model A) yielded tumor diameter [OR 1.11 (CI 1.05, 1.18)] and KRAS mutation [OR 0.29 (CI 0.09, 0.97)] as statistically significant factors affecting ASR. When adding 3D-QAM defined as MAM as a continuous variable (model B), only 3D-QAM remained significant [OR 0.52 (CI 0.29, 0.95; p = 0.03)]. When adding 3D-QAM defined as a categorical binary variable with the identified cutoff of 23% of tumor coverage with a margin of <1 mm (model C), again, 3D-QAM had the largest effect on ASR [OR 21.67 (CI 2.84, 165.21; p = 0.003)]. Accordingly, the comparison of models B and C with baseline model A yielded significant differences between the models (p = 0.003 and p = 0.03). Model D using a 3D-QAM with identified cutoff of >45% tumor coverage with a margin of <5 mm was not interpretable, since no event of ASR occurred in the group of <45% tumor coverage with a margin of <5 mm. This resulted in a numerical error, rendering statistical analysis of model D impossible. The entire statistical analyses are available in Supplementary Material 1.


Table 3 | Multivariable logistic regression analyses (GEE) of factors potentially predicting ASR per tumor using varying outputs of 3D-QAMs.






Discussion

This work investigated the application of novel 3D-QAM algorithm (32) as a tool to analyze ablation margins and its impact on short-term local tumor control in a quantitative and objectifiable manner. After analyzing various statistical models with and without including 3D-QAM, we demonstrated that 3D-QAM defined as >23% <1 mm was the main independent factor predicting ASR within 1 year. To our knowledge, this is the first study investigating the effect size of quantitative volumetric ablation margins on ASR in consideration of other factors known to influence ASR development, such as KRAS mutational status.

Ablation margin assessment after thermal ablation of hepatic malignancies has been explored before, with most studies suggesting a prognostic value of MAM smaller than 5 mm with regard to ASR (16, 18, 19, 22, 35). While MAM evaluations in these studies were mainly performed by evaluation of pre- and post-ablation CT images in 2D (34), the additional value of 3D-QAM has been reported (24, 25). Laimer et al. (25) assessed percentages of predetermined safety margins in 3D and found a 100% 3D ablation margin of 3 mm and a 90% 3D ablation margin of 6 mm to be indicators for ASR. These results confirmed the importance and potential value of 3D-QAM, however not accounting for other previously described risk factors for ASR such as KRAS mutational status. In the present study, we deliberately included all factors previously shown to be negatively associated with ASR in multivariable models. For 3D-QAM defined as the MAM as a continuous variable (model B), the odds to develop ASR within 1 year was on average 48% lower for every additional millimeter of MAM. In model C, a <1-mm margin of more than 23% of the tumor surface yielded on average a 21 times larger odds to develop ASR. While CIs for both QAM outputs were large probably due to the low event rates of ASR, 3D-QAM defined as >23% <1 mm represented the main factor influencing ASR, with all other variables becoming less significant after adding 3D-QAM to the baseline model. As opposed to previous studies identifying 5–10-mm margins as relevant regarding ASR (33), the significantly smaller ablation margins identified in this study suggest that a technology-driven volumetric margin assessment allows a more detailed and objectifiable reporting as opposed to a visual assessment.

The strengths of the proposed 3D-QAM algorithm using surface distance mapping include a description of ablation margins in subfractions of relative distributions of ablation margins relative to the total tumor surface. Aiming toward the most detailed possible assessment of margins, the discrimination between, e.g., a 5% vs. 20% tumor surface area covered by a certain ablation margin is of crucial importance. While the optimal cutoff of 23% of <1 mm as found in our data might seem complex and unlikely to be reproducible on a wider scale, such volumetric ablation margin assessments will always necessitate the application of dedicated image analysis software, and the integration of what might seem a complex definition would not represent a relevant additional step. An important factor regarding the accuracy of ablation margin assessment in general is the direct dependence on available slice thickness of CE-CT images and on registration errors between pre- and post-ablation images. In the present study, all intra-procedural CE-CT scans were obtained with a maximum slice thickness of 1 mm and all patient motion was minimized, reducing potential inaccuracies of 3D-QAM calculations. Previously described margin assessment tools using slice thickness of 3 mm and up to 5 mm (24, 25) might negatively affect the registration error and accuracy in margin assessment of these tools. The 3D-QAM algorithm will further allow to correlate the area in 3D of actual ASR to the area of MAMs, as opposed to ASR due to satellite lesions (36). The applied 3D-QAM algorithm further allowed inclusion of subcapsular tumors (32), representing more than half of the tumors ablated in this series. This is essential when aiming to apply such novel margin assessment tools on a broad scale. Integrating 3D-QAM assessment into dedicated software protocols, such as the stereotactic navigation technology applied in this study, will allow an objectifiable assessment of completeness of ablation with the potential of immediate re-ablation of these areas, aiming toward a 100% technical success rate in one treatment session. It further enables a true distinction between incomplete ablation and ASR, which would allow further standardization of the reporting of outcomes after ablation. These potentially significant advantages of 3D-QAM underline the use of CT with integrated novel technical solutions for thermal ablation, if available.

The overall ASR rate of 15.4% reported in this paper was in line with other local tumor control rates after thermal ablation of CRLM in selected populations (37). It is well known and was confirmed in baseline model A and model C that tumor size is significantly correlated with ASR development (10–15), which might be overcome by applying SMWA with multiple antennas (22, 34). Other factors previously described to influence ASR were not significant in our model, such as neoadjuvant chemotherapy or KRAS mutational status. This might be explained by the shorter follow-up period in this paper as opposed to previous studies showing influences of biological parameters such as KRAS mutational status on ASR (19, 20).

A limitation of this study is the differences in follow-up regimens between centers, with one center performing the first follow-up imaging 1 week after ablation and the other centers 3 months after ablation. Despite these differences in follow-up protocols, no significant differences in ASR were observed between the participating centers. Also, distribution of ASR between included and excluded tumors did not significantly differ despite the high exclusion rate from the final ASR model, underlining plausibility of the analysis. Finally, even though patients were included prospectively for the MAVERRIC study, 3D-QAM was assessed retrospectively, and a prospective validation of this algorithm in future clinical research with a larger sample size is needed to confirm the current results.

In conclusion, this study confirmed utility of the 3D-QAM algorithm for assessment of ablation completeness after SMWA of CRLM. The 3D-QAM defined as 23% of <1-mm margin represented the most important predictor of ASR within 1 year, leaving most previously described factors less crucial in our model. If integrated into standard workflows of stereotactic ablation, 3D-QAM might allow to accurately and objectively determine areas of insufficient ablation and immediate retreatment of such, potentially reducing the rate of incomplete ablations and ASR. It might further facilitate objective reporting and standardization of post-ablation follow-up definitions in the future.
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ASR, ablation site recurrence; 3D-QAM, three-dimensional quantitative ablation margin.
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recurrence; GEE, generalized estimating equation.
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