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Abstract

Purpose: The goal of this study was to develop and evaluate a volumetric three-dimensional 

(3D) approach to improve the accuracy of ablation margin assessment following thermal ablation 

of hepatic tumors.

Methods: The 3D margin assessment technique was developed to generate the new 3D 

assessment metrics: volumes of insufficient coverage (VICs) measuring volume of tissue at-risk 

post-ablation. VICs were computed for the tumor and tumor plus theoretical 5- and 10-mm 

margins. The diagnostic accuracy of the 3D assessment to predict two-year local tumor 

progression (LTP) was compared to that of manual 2D assessment using retrospective analysis of a 

patient cohort that has previously been reported as a part of an outcome-centered study. Eighty-six 

consecutive patients with 108 colorectal cancer liver metastases treated with radiofrequency 

ablation (2002 - 2012) were used for evaluation. The 2-year LTP discrimination power was 

assessed using receiver operating characteristic area under the curve (AUC) analysis.

Results: A 3D assessment of margins was successfully completed for 93 out of 108 tumors. The 

minimum margin size measured using the 3D method had higher discrimination power compared 

with the 2D method, with an AUC value of 0.893 vs. 0.790 (P = 0.01). The new 5 mm VIC metric 

had the highest 2-year LTP discrimination power with an AUC value of 0.923 (P = 0.004).

Conclusions: Volumetric semi-automated 3D assessment of the ablation zone in the liver is 

feasible and can improve accuracy of 2-year LTP prediction following thermal ablation of hepatic 

tumors.
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Introduction

Image-guided thermal ablation is an increasingly common non-surgical treatment for 

colorectal cancer liver metastases (CRLM) [1–3]. When compared with surgery, 

percutaneous radiofrequency and microwave ablation of CRLM offer lower complication 

rates and serve as viable alternatives to surgery [4–6]. Despite potential advantages, 

widespread adoption of ablation for CRLM has been impeded by local tumor progression 

(LTP) rates of up to 48% [7–10]. The results of prior studies have shown that a minimum 

ablation margin is an independent predictor of LTP following ablation of CRLM [9, 11–13]. 

With the majority of the intrahepatic micrometastases found within 10 mm away from the 

boundary of the gross CRLM [14], it has been considered desirable to create an ablation 

zone that extends beyond the borders of the tumor with a 5-10 mm margin [15]. As a critical 

parameter of local ablation efficacy, accurate intraprocedural margin assessment would 

provide valuable feedback to the operator at the time of treatment [16].

Historically, assessment of the ablative margin mirrors the principles of surgical margin 

assessment where the reported margin size is the distance between the edge of the neoplasm 

and the edge of the transected tissue, as seen on microscopic evaluation. Following thermal 

ablation, margin assessment is performed by estimating the distance between the 

radiographic boundaries of the tumor and the ablation zone using manual measurements and 

visual comparison of pre- and post-ablation two-dimensional (2D) images [8, 9, 11, 13, 17, 

18]. However, two issues compromise this conventional approach. First, performing any 

quantitative comparison between the pre- and post-ablation images is hindered by frequent 

misalignment of the liver due to breathing motion, positional differences and heating-

induced tissue changes. Second, the size of the minimal margin does not indicate the extent 

of the remaining tissue at risk of LTP, i.e., tissue that needs to be ablated to ensure adequate 

margins. Finally, ablation zones with 1-5 mm margins result in LTP rate of 43-60% [9, 13], 

therefore methodologies to improve predictive accuracy in this category may be particularly 

clinically impactful.

The goal of this study was to develop and evaluate a quantitative three-dimensional (3D) 

approach that overcomes the limitations of the current approach and improves the accuracy 

of margin assessment following thermal ablation of liver metastases.

Methods

A 3D quantitative ablation assessment technique was designed to accurately evaluate the 

size of the minimum ablation margin and to measure and display the volume of the tissue at 

risk for LTP due to insufficient ablation coverage. The latter 3D metric is referred to here as 

the volume of insufficient coverage (VIC). The 3D quantitative ablation assessment 
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technique was evaluated in a retrospective study that was approved by our institutional 

review board with a waiver of informed consent.

To evaluate the proposed 3D assessment, it was compared with the manual 2D method in a 

cohort of patients who underwent radiofrequency ablation (RFA) of CRLMs and where the 

minimum margin was already measured [9]. Manual 2D margin assessment was carried out 

by comparing the diagnostic contrast-enhanced pre-RFA computed tomography (CT) images 

of the tumor and post-RFA CT images of the ablation zone, obtained 4-8 weeks after RFA, 

the first follow-up imaging exam after the treatment [13]. Although intended to improve 

intraprocedural margin assessment, evaluation of the proposed method using the diagnostic 

pre- and post-ablation images was the first step in investigation of its value.

Because the majority of LTPs are known to occur within the first two years following the 

RFA treatment [9], the diagnostic accuracy of the proposed 3D assessment metrics were 

evaluated to predict two-year LTP. The LTP status information was available to both the 

readers performing the 2D manual margin assessment in [9] and to the reader performing the 

3D margin assessment to whom the results of the 2D manual assessment were also available.

Study population

The data from the previously reported patient cohort for which the minimum margin size 

was already assessed using the 2D manual method described above was used for evaluation. 

The patients were reported in an investigation of the factors affecting the oncological 

outcomes of RFA of CRLMs [9], in which treatments of 233 CRLMs were analyzed, and the 

minimum margin was measured in 174 CRLMs. These 174 CRLMs from 130 consecutive 

patients who were treated between December 2002 and December 2012, with either CT or 

positron emission tomography/CT guidance, made up the potentially eligible patients cohort 

used in the current study. In our study, the data from patients were utilized solely to evaluate 

a new volumetric 3D margin assessment technique.

For each ablation, LTP was assessed using post-ablation imaging studies (contrast-enhanced 

CT, magnetic resonance imaging, or 18F-fluorodeoxyglucose positron emission 

tomography), performed 4-8 weeks after RFA and then continued at 2-4-month intervals. 

The LTP status was established based on the radiology reports as has been described in 

detail in the previous study [8]. LTP was defined as either new peripheral or nodular 

enhancement within 1 cm, or an enlargement of the ablation zone, compared with that 

measured on the first follow-up imaging examination [15, 19]. LTP was differentiated by 

focal and multi-focal patterns of progression. A multi-focal pattern was defined as 

simultaneous appearance of multiple new nodules proximal, within 1 cm, and distal to the 

boundary of the ablation zone.

Additional exclusion criteria were utilized to determine the final cohort for this study, 

including: 1) follow-up time is less than 2 years, and LTP did not develop, 2) multi-focal 

progression pattern, 3) data image format is incompatible with 3D processing, and 4) CT 

image slice thickness greater than 5 mm. When either pre- or post-RFA images were stored 

as image captures imported from the outside institutions, such data could not be processed 

and was defined as incompatible.
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Volumetric 3D ablation margin assessment

A 3D volumetric margin assessment process was developed and executed by a medical 

physicist with radiographic imaging expertise. MIM MAESTRO® (MIM Software, Inc.) 

image processing software was used to create a sequence of interactive semi- and fully 

automated steps programmed into a workflow that is described in detail in the Appendix. 

Key steps include: 1) segmentation of the tumor, 2) generation of theoretical 5 and 10 mm 

3D margins around the tumor, calculated by isotropically expanding the tumor boundary by 

5 and 10 mm, 3) 3D rigid image registration of the pre- and post-ablation images, 4) 

segmentation of the ablation zone, and 5) generation of the 3D VIC assessment metrics. 

These VIC metrics were calculated and visualized for tumor and theoretical 5- and 10-mm 

margins (Figure 1). Steps 2 and 5 were fully automated, and the other steps were semi-

automated. The volumes generated in Step 2, tumor plus 5 or 10 mm, were considered 

“target volumes” for ablation [20]. The term “Ideal necrosis edge” was used in another study 

to define the contour of particular theoretical margins around the tumor [21]. These volumes 

were adjusted when the tumor was proximal to the edge of the liver capsule, or a vessel. 

Prior to step 2, the edge of the liver and/or the edges of the vessels near the tumor were 

contoured manually. Whenever the edge of the liver, or vessel, was defined, the theoretical 

contours were automatically trimmed to not extend past the liver capsule, or vessel. The goal 

of the image registration was to achieve registration error, the distance between an arbitrary 

landmark on pre- and post-RFA images, of less than 3 mm [22]. If registration error was 

greater, the registration step was repeated to reduce the error. When the registration step 

could not achieve acceptable alignment, the margin assessment workflow was terminated 

without completing the 3D assessment.

In practice, the main goal of margin assessment is to determine whether additional ablation 

is needed to adequately cover the tumor and margins and, if so, how much tissue needs to be 

treated. Assuming that the tissue near the tumor is a 3D layer of normal liver tissue likely 

containing micrometastases [14], it is rational to quantify and visualize not only the discrete 

minimum margin point but also the tissue at-risk containing untreated viable tumor cells, or 

the micrometastases. Hence, the 3D VICs were automatically computed as volumes of the 

remaining at-risk volume of tumor, or tumor plus the theoretical 5- or 10 mm margins 

(Figure 1). These volumes were displayed as color overlays on post-ablation images. The 

minimum margin was recorded according to the definition described in Table A1 of the 

Appendix.

CT images had an in-plane resolution of 0.8 mm x 0.8 mm to 1.0 mm x 1.0 mm and a slice 

thickness of 5 mm. The total time required to complete 3D margin assessment was recorded. 

Sub-optimal alignment was defined as having at least one instance of the minimum distance 

between the corresponding landmarks in pre- and post-ablation images greater than 3 mm. 

For qualitative comparison of the location of VIC contours and LTP, the follow-up images 

on which LTP was first observed were aligned to the post-ablation images.

Statistical Analysis

Receiver operating characteristic area under the curve (AUC) analysis was used to evaluate 

the 2-year LTP discrimination power of the minimal margin size metric, as measured 
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manually and with the 3D method. Additionally, the discrimination power of the 3D metrics, 

VICs, and the volume of the ablation zone was examined. The difference in prediction 

power between the metrics was studied by comparison of the area under the receiver 

operating characteristic curve using Delong’s method. A p-value < 0.05 was considered 

statistically significant. All analyses were performed using SAS 9.4 (2013-2018, SAS 

Institute Inc.), R 3.1.2 packages ROCR (2015), and pROC (2018).

Results

After applying the exclusion criteria described above, 108 out of 174 (62%) CRLMs were 

eligible for 3D assessment evaluation (Figure 2). In fifteen of these eligible cases (13.8%), 

rigid registration did not ensure optimal image alignment. Complete 3D assessment was 

performed in 93 CRLMs in a total of 72 patients (Table 1). An example of visualization of 

the results of 3D assessment is shown in Figure 3. The average time to perform 3D 

volumetric margin analysis was 4.26 ± 1.5 min for each ablation site.

The median tumor diameter was 1.8 cm (range, 0.6-5.5 cm) and median volume was 1.77 cc 

(range, 0.13-35.9 cc). The median ablation zone volume was 28.9 cc (range, 1.7-103.4 cc). 

The ablation zone volume was greater than the volumes of the tumor plus 5- and 10-mm 

theoretical margins in 82 (88%) and 46 (49%) ablations, respectively. Fifty out of 93 

CRLMs (54%) exhibited LTP within the first 2 years following ablation. In 39 (78%) out of 

all 50 ablations that had LTP, the VICs were spatially well co-localized with the area 

signifying LTP (Figure 3C–D).

Table 2 shows the results of the 3D assessment. The greatest number of treatments where the 

margin was greater than 5 and 10 mm, without LTP, was found in the group of treatments 

where the ablation zone volume was also greater than the volume of the tumor plus the 

isotropic 10 mm margin. However, large ablation zone volume without the adequate 

minimum margin exhibited LTP. Due to the small number of cases in categories “margin > 

10 mm” and “margin equals 0 mm”, the results were regrouped into three categories for 

statistical analysis and comparison with the manual 2D method. The treatments with 0 mm 

margin and incomplete ablation (based on the 3D analysis) were grouped together; and the 

treatments with margin > 10 mm were combined with those with 6-10-mm margins.

Statistical analysis showed that the minimum margin size measured using the 3D method 

had higher discrimination power compared with the manual margin assessment, with an 

AUC of 0.893 vs. 0.790 (p = 0.01). The 3D approach, as compared with manual 2D 

assessment, categorized a larger proportion of ablations as incomplete, or 0 mm margin: 37 

versus 26, and smaller proportion as margin greater than 5 mm: 27 versus 34.

All VIC metrics were found to be predictive of 2-year LTP with AUC values greater than 

0.75. In comparison to the manual 2D approach, a 5 mm VIC (i.e., the volume of untreated 

tumor plus 5 mm margin) with an AUC of 0.923 had significantly higher discrimination 

power (p = 0.004). For the optimal threshold value of 0.72 cc, the 5 mm VIC metric had 

specificity of 0.86 and sensitivity of 0.94. Compared to the 3D minimal margin method, the 

5 mm VIC had marginally greater discrimination power (p = 0.06). The AUC value of the 
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volume of the tumor was 0.72, and it was significantly higher than the AUC of the tumor 

diameter (p = 0.0009). The volume of the ablation zone did not have discrimination power.

In the 29 cases for which minimum margin size was greater than 0 mm but less than 5 mm, 

as measured with the 3D method, the 2-year LTP rate was 52%. Analysis in this subset of 

cases showed that a 5 mm VIC metric had an AUC of 0.82 (p = 0.002) and could be used to 

discriminate between the cases traditionally categorized as minimum margin of 1-5 mm.

Discussion

This work describes the development and evaluation of a new quantitative 3D method for 

accurate volumetric evaluation of the margins following percutaneous image-guided hepatic 

ablation. The proposed approach is an interactive comprehensive workflow that 

encompasses semi-automated 3D registration and segmentation of the tumor and ablation 

zone as well as automated computation of 3D margin assessment metrics. Retrospective 

evaluation shows improved measurement accuracy for minimum margin size, as 

demonstrated by a higher two-year LTP discrimination power when measured using the 3D 

method compared with a manual 2D approach. In addition, the methodology developed in 

this study enables a new 3D assessment metric that is designed to identify the extent of the 

tissue at risk for LTP, i.e., VICs. The VICs are automatically calculated and provide both 

quantitative and visible representations of the ablation coverage deficiencies. High 

discrimination power as well as increased sensitivity and specificity were found for the 5 

mm VIC metric signifying that the volume of unablated tissue within 5 mm from the 

boundary of the tumor may be a helpful metric in predicting the risk of LTP.

Image registration of pre- and post-ablation images, which helps to establish an accurate 3D 

relationship between the tumor and ablation zone, has been explored the most in the ablation 

margin assessment studies of RFA of hepatocellular carcinoma [21, 23–26]. For example, 

Kim, et al. showed that it improved interobserver agreement during margin assessment [24], 

and Sakakibara, et al. and Shin, et al. showed that it enabled identification of more 

incomplete ablations compared with the conventional method [25, 26]. Similarly, this study 

showed that registration-based 3D margin assessment identified more cases with incomplete 

or 0 mm minimum margin compared with the conventional method.

Supplementing registration with 3D volumetric assessment metrics could further improve 

the accuracy of ablation zone evaluation. In several studies, feasibility and the potential 

value of 3D margin assessment were evaluated. In 9 liver metastases, Silverman, et al. 

computed the tumor volume, the percentage of tumor covered, and the percentage of target 

volume coverage [20]. The target volume was defined as the volume of tumor plus the 

digitally created margin of 10 mm. Aiming to measure the exact size of the minimum 

margin and display the location of the minimum margin, Tani, et al. evaluated a new 3D 

distance map technique in 21 hepatic tumors [27], and demonstrated that the thinnest margin 

of 0 mm was associated with LTP. Hocquelet et al. measured the area of the tumor surface 

exposed to the ablation margin of ≤ 5 mm and evaluated this metric in 16 patients 

undergoing RFA of hepatocellular carcinoma, showing the potentially greater value of this 

metric compared to the minimum margin [23]. Although valuable margin assessment 
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concepts were introduced in these studies, the small sample size and the inhomogeneous 

data (various tumor, image guidance, and ablation modalities) hinder reliable evaluation and 

clinical translation of these concepts.

This work introduces a method that is interactive, semi-automated, and implemented using 

commercial image-processing software used clinically in radiology and radiation oncology. 

Although this implementation can be performed on several general image-processing 

software platforms, using a clinically relevant software platform may facilitate translation of 

this margin assessment method into clinical practice. Additionally, full automation or semi-

automation of the steps in our method may shorten 3D margin assessment time and reduce 

the barrier for adoption of this method by imaging technologists.

There are limitations to this study. First, evaluation of the method using the diagnostic pre- 

and post-ablation images of 5 mm slice thickness may limit the accuracy of the assessment 

in slice direction. Ideally, future studies should aim to obtain thinner slices. Second, 

extrapolation of the potential value of the described method for intraprocedural use would 

require additional study in such a setting. In practice, post-ablation imaging will likely be 

acquired with the ablation applicator remaining in the tissue, which will introduce some 

degree of beam hardening artefact impacting segmentation performance. The third limitation 

is in the study design where the person performing evaluation of the new method was not 

blinded to the LTP-related outcomes and could be subject to bias. Future work will focus on 

evaluation and adaptation of this method for intraprocedural use.

In conclusion, this study demonstrated feasibility of 3D quantitative assessment of the 

ablation zone following RFA of liver metastases. The initial evaluation showed that 3D 

assessment of the minimum margin can improve accuracy of LTP prediction. Although 

evaluated in the CRLM patient population treated with RFA, the methodology proposed here 

may be applicable to assessment of other primary or metastatic liver tumors treated with 

other thermal ablation modalities.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CRLM Colorectal cancer liver metastases

LTP Local tumor progression

AZ Ablation zone

2D Two-dimensional
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3D Three-dimensional

RFA Radiofrequency ablation

CT Computed tomography

VIC Volume of insufficient coverage

AUC Area under the curve
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Key Points

1. More accurate prediction of local tumor progression risk using volumetric 3D 

ablation zone assessment can help improve the efficacy of image-guided 

percutaneous thermal ablation of hepatic tumors.

2. The accuracy of evaluation of ablation zone margins after thermal ablation of 

colorectal liver metastases can be improved using a volumetric 3D semi-

automated assessment approach and the volume of insufficient coverage 

assessment metric.

3. The new 5 mm volume-of-insufficient-coverage metric, indicating the volume 

of tumor plus 5 mm margin that remained untreated, had the highest 2-year 

local tumor progression discrimination power.
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Figure 1. 
Various scenarios of the ablation zone’s coverage of the tumor and the tumor plus 5 and 10 

mm theoretical margins were divided into five categories (top row), based on the size of the 

minimum ablation margin (magenta arrows). The bottom row illustrates the three-

dimensional assessment metrics, volumes of insufficient coverage (VICs): tumor VIC (red), 

5 mm VIC (purple), 10 mm VIC (cyan).
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Figure 2. 
Study schema indicating ablation cohort and exclusion criteria
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Figure 3. 
An example of 3D margin assessment. A. Segmented tumor (yellow) and theoretical 5 

(orange) and 10 mm (green) margin countours overlaid on the pre-ablation axial and 

reformatted sagittal and coronal computed tomography (CT) images. B. Post-ablation 

images showing the segmented ablation zone. C. 3D assessment metrics: tumor VIC (red), 5 

mm volume of insufficient coverage (VIC) (purple), and 10 mm VIC (cyan). D. Follow-up 

contrast-enhanced CT image showing the area of local tumor progression (LTP) (arrows) 

spatially corresponding to the location of the VICs in (C).
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Table 1.

Patient characteristics.

Number of patients 72

Female 28

Male 44

Median age at time of ablation (range) 58 (34-86)

Median lesion diameter, cm (range) 1.8 (0.6 −5.5)

AJCC* stage I/II at time of diagnosis 13

AJCC* stage III/IV at time of diagnosis 59

*
AJCC American Joint Committee on Cancer
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Table 2.

The results of 3D volumetric assessment of minimum margin size.

VAZ ≥ Vtumor + 10 mm Vtumor + 5 mm ≤ VAZ < Vtumor +10 mm VAZ < Vtumor + 5 mm
Total

LTP No LTP LTP No LTP LTP No LTP

Incomplete 6 1 13 1 9 1 31

0 mm 1 0 4 0 1 0 6

1-5 mm 7 5 8 9 0 0 29

6-10 mm 1 19 0 1 0 0 21

>10 mm 0 6 0 0 0 0 6

Total 15 31 25 11 10 1 93

VAZ: volume of ablation zone

Vtumor + 5 mm: volume equivalent to the volume of tumor plus theoretical 5 mm margin around the tumor

Vtumor + 10 mm: volume equivalent to the volume of tumor plus theoretical 10 mm margin around the tumor
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