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Percutaneous thermal ablation is a widely used mini-
mally invasive curative-intent local therapy for select 

patients with colorectal liver metastasis (CLM) and is used 
as a stand-alone treatment or in combination with resec-
tion (1). Despite its several advantages, historically it has 
been mostly reserved for patients who are not eligible for 
surgery owing to relatively high rates of hepatic recurrence 
compared with surgery (2–4). Several patient-, tumor-, and 
ablation-related characteristics are associated with improved 
local tumor control after CLM ablation (5–10). Among 
those, complete tumor coverage with a sufficient ablation 
margin is considered one of the most critical factors for 
local tumor control (7,8,11). Presently, an ablation margin 
of greater than or equal to 5 mm, ideally greater than or 
equal to 10 mm, is considered optimal according to studies 

using two-dimensional anatomic landmarks–based margin 
visual assessment (6,7,12,13).

Recently, assessment of ablation margins by ablation 
confirmation software has been shown in small retro-
spective series to outperform visual assessment of ab-
lation margins (14), provide volumetric assessment of 
ablation margins, and identify tumors at risk for local 
tumor progression (15–17). Three-dimensional (3D) 
ablation margin assessment requires dedicated imaging 
registration software to compare and integrate pre- and 
postprocedure images. Most of the current 3D meth-
ods rely on rigid image registration or intensity-based 
deformable registration. Both of these techniques are 
affected by registration errors related to liver defor-
mity due to patient positioning and breathing, ablation 

Background:  Confirming ablation completeness with sufficient ablative margin is critical for local tumor control following colorectal 
liver metastasis (CLM) ablation. An image-based confirmation method considering patient- and ablation-related biomechanical 
deformation is an unmet need.

Purpose:  To evaluate a biomechanical deformable image registration (DIR) method for three-dimensional (3D) minimal ablative 
margin (MAM) quantification and the association with local disease progression following CT-guided CLM ablation.

Materials and Methods:  This single-institution retrospective study included patients with CLM treated with CT-guided microwave or 
radiofrequency ablation from October 2015 to March 2020. A biomechanical DIR method with AI-based autosegmentation of 
liver, tumors, and ablation zones on CT images was applied for MAM quantification retrospectively. The per-tumor incidence of 
local disease progression was defined as residual tumor or local tumor progression. Factors associated with local disease progression 
were evaluated using the multivariable Fine-Gray subdistribution hazard model. Local disease progression sites were spatially local-
ized with the tissue at risk for tumor progression (<5 mm) using a 3D ray-tracing method.

Results:  Overall, 213 ablated CLMs (mean diameter, 1.4 cm) in 124 consecutive patients (mean age, 57 years ± 12 [SD]; 69 
women) were evaluated, with a median follow-up interval of 25.8 months. In ablated CLMs, an MAM of 0 mm was depicted in 
14.6% (31 of 213), from greater than 0 to less than 5 mm in 40.4% (86 of 213), and greater than or equal to 5 mm in 45.1% 
(96 of 213). The 2-year cumulative incidence of local disease progression was 72% for 0 mm and 12% for greater than 0 to less 
than 5 mm. No local disease progression was observed for an MAM greater than or equal to 5 mm. Among 117 tumors with an 
MAM less than 5 mm, 36 had local disease progression and 30 were spatially localized within the tissue at risk for tumor pro-
gression. On multivariable analysis, an MAM of 0 mm (subdistribution hazard ratio, 23.3; 95% CI: 10.8, 50.5; P < .001) was 
independently associated with local disease progression.

Conclusion:  Biomechanical deformable image registration and autosegmentation on CT images enabled identification and spatial 
localization of colorectal liver metastases at risk for local disease progression following ablation, with a minimal ablative margin 
greater than or equal to 5 mm as the optimal end point.
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microwave ablation or radiofrequency ablation if they presented 
with up to five CLMs, each measuring less than or equal to 5 cm, 
and with no more than three extrahepatic sites of disease (includ-
ing pulmonary nodules, lymph nodes, and peritoneal nodules). 
Selection criteria are described in Figure 1.

Ablation Procedure
All ablation procedures were performed with CT guidance by 
eight board-certified interventional radiologists with 6–13 years 
of experience, with patients under general anesthesia. All pro-
cedures were performed with curative intent, and the ablation 
end point was an ablative margin greater than or equal to 5 mm,  
which was evaluated by comparing pre- and postablation  
contrast-enhanced CT images using a two-dimensional, ana-
tomic landmarks–based margin visual assessment method (25). 
Ablations were performed using microwave (NeuWave; Ethicon) 
as the first thermal ablation modality choice or radiofrequency 
(Cool-tip; Covidien) as an alternative. Patients were discharged 
home within 24 hours of the procedure if there were no compli-
cations. Ablation procedure details are provided in Appendix S1.

Ablation Outcomes Assessment and Definitions
Ablation outcomes were assessed according to reporting stan-
dards for ablation (26,27). Postablation contrast-enhanced CT, 
MRI, or PET examinations were used to assess imaging-related 
oncologic outcomes. All available cross-sectional images were 
evaluated independently by two interventional radiologists 
(B.C.O. and Y.M.L., with 13 and 5 years of experience, respec-
tively), who were blinded to the results of MAM quantification 
according to the biomechanical DIR method, to determine the 

applicator placement, hydrodissection, ablation-related tissue 
attenuation and volumetric changes, contrast medium at-
tenuation, and artifacts (15,18–20).

Currently, to our knowledge, there are no commercially avail-
able ablation confirmation methods that take into consideration 
the biomechanical properties of the liver and its deformation. 
We recently proposed and modified a biomechani-
cal deformable image registration (DIR) method 
(21), which has been integrated into a radiation 
therapy treatment planning system to guide liver-
directed therapies (22,23), to mitigate spatial un-
certainties and increase precision and accuracy for 
minimal ablative margin (MAM) quantification 
after liver ablation (24).

The aim of this retrospective study was to evalu-
ate a biomechanical DIR ablation confirmation 
method incorporating ablation-specific artificial in-
telligence (AI)–based autosegmentation for MAM 
quantification and the association with local disease 
progression in patients with CLMs undergoing  
CT-guided thermal ablation.

Materials and Methods

Patients
After approval by our institutional review board with 
a waiver of informed consent, a single-institution  
liver ablation registry (IRB no. PA-15–0566) was 
retrospectively surveyed to identify consecutive 
patients with CLMs who underwent liver ablation 
from October 2015 to March 2020 for this Health 
Insurance Portability and Accountability Act–com-
pliant study. Patients were eligible forpercutaneous 

Abbreviations
AI = artificial intelligence, CLM = colorectal liver metastasis, DIR = de-
formable image registration, MAM = minimal ablative margin, SHR =  
subdistribution hazard ratio, 3D = three-dimensional

Summary
Ablative margin quantified using biomechanical deformable CT image 
registration with artificial intelligence–based autosegmentation was 
strongly associated and spatially localized within local disease progres-
sion after colorectal liver metastasis thermal ablation, and a minimal 
ablative margin greater than or equal to 5 mm was associated with 
optimal local tumor control.

Key Results
	■ In this retrospective study of 124 patients with 213 ablated 

colorectal liver metastases, when applying biomechanical deform-
able CT image registration with autosegmentation, no local 
disease progression was observed, with a minimal ablative margin 
(MAM) greater than or equal to 5 mm.

	■ At multivariable analysis, an MAM of 0 mm (subdistribution 
hazard ratio, 23.3; P < .001) was the dominant independent factor 
associated with local disease progression.

	■ Thirty of 36 sites (83%) of local disease progression were spatially 
localized within areas defined as tissue at risk for tumor progression 
(MAM <5 mm) using a three-dimensional ray-tracing method.

Figure 1:  Flowchart shows patient inclusion and exclusion criteria.
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oncologic outcomes of each ablated tumor. Disagreements on 
oncologic outcomes were resolved by consensus. Technique 
efficacy was defined as complete ablation of macroscopic tumor, 
as evidenced by initial follow-up imaging with no residual tumor. 
Residual tumor was defined as tumor foci within or at the edge 
of the ablation zone at initial follow-up imaging. Local tumor 
progression was defined as tumor foci within or at the edge of 
the ablation zone after at least one cross-sectional imaging study 
had demonstrated complete ablation. Local disease progression 
was defined as residual tumor or local tumor progression. Time 
to local disease progression was defined as the time between ab-
lation and the first imaging evidence of residual tumor or lo-
cal tumor progression. Perivascular tumors were defined on the 
baseline CT images as tumors located less than 10 mm from a 
vessel greater than or equal to 3 mm in diameter. Tumors were 
also classified as subcapsular (<10 mm from the liver edge) or 
nonsubcapsular. All definition assessments were made on a 
per-tumor basis for analysis of tumor-specific end points.

Biomechanical DIR and AI-based MAM Quantification
Pre- and postablation contrast-enhanced CT images (axial plane, 
portal venous phase, with an in-plane image resolution of 0.6–
1.0 mm × 0.6–1.0 mm and an image thickness and interval of 
2–5 mm) were uploaded to a radiation therapy treatment plan-
ning system (RayStation, version 9B; RaySearch Laboratories) 
for AI-based autosegmentation, biomechanical DIR, MAM 
quantification, and spatial localization (24). If available, intra-
procedural preablation and final postablation contrast-enhanced 
CT images were used. For cases without intraprocedural preab-
lation contrast-enhanced CT images for target tumor segmen-
tation, the last diagnostic contrast-enhanced CT image before 
the procedure was used. For cases without intraprocedural 
postablation contrast-enhanced CT images for ablation zone 
segmentation, the initial follow-up contrast-enhanced CT image 

was used. Autosegmentation, biomechanical DIR, and MAM 
quantification were performed after ablation by a biomedical en-
gineer (I.P., with 6 years of biomedical liver imaging experience) 
who was blinded to the oncologic outcomes. Spatial localization 
of local disease progression sites was performed by a biomedi-
cal engineer (C.S.O., with 2 years of biomedical liver imaging 
experience). All image processing was performed after the abla-
tion procedure specifically for this study (Fig 2, Movie 1).

AI-based autosegmentation.—Two AI-based autosegmenta-
tion algorithms were integrated into the treatment planning 
system using the scripting engine and used to contour the liver, 
target tumor, and ablation zone (28,29). Manual correction was 
applied if needed.

Biomechanical DIR processing and visualization.—A 
biomechanical DIR method based on finite element modeling, 
which has been integrated and validated in the treatment 
planning system, was performed (22). Details are provided in 
Appendix S1.

Quantification of MAM.—The MAM was computed as the 
shortest distance between the segmented boundaries of the 
target tumor and the ablation zone on postablation contrast- 
enhanced CT images (Fig 3). The MAM was defined as a non-
negative number, with 0 mm indicating that the ablative margin 
and tumor contours overlapped (24). For subcapsular or perivas-
cular tumors, calculation of the MAM did not include the area 
abutting the liver capsule or adjacent vessel. All the images could 
be assessed in two-dimensional and 3D volume rendering.

Spatial localization analysis between local disease progres-
sion and tissue at risk for tumor progression.—To spatially 
localize sites of local disease progression and insufficient MAM, 

Figure 2:  Flow diagram shows the steps in biomechanical deformable image registration (DIR) and minimal ablative margin (MAM) quantification in a 67-year-old 
man with solitary colorectal liver metastasis. Left: Pre- and postablation axial contrast-enhanced CT images with artificial intelligence–based autosegmentation show the 
liver, tumor, and ablation zone. Right: Biomechanical DIR is performed to register the pre- and postablation CT images. Then, the MAM is computed and visualized in im-
ages with two-dimensional and three-dimensional volume rendering.
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Figure 4:  Images in a 41-year-old woman with colorectal liver metastasis who underwent CT-guided microwave 
ablation processed with the proposed biomechanical deformable image registration three-dimensional (3D) minimal 
ablative margin (MAM) quantification method. (A, B) Axial contrast-enhanced CT scan (A) obtained immediately after 
microwave ablation and corresponding 3D CT volume rendering (B) show autosegmentation of the tumor (green) and 
ablation zone (orange). Tissue at risk for tumor progression (red) is defined as the expanded tumor tissue not covered by 
the virtual 5-mm ablative margin. The MAM was determined to be 0 mm. (C, D) Axial contrast-enhanced CT scan (C) ob-
tained 6 months after ablation and corresponding 3D CT volume rendering (D) show local tumor progression (yellow) and 
the corresponding radiating cone (white), which encompasses the tissue at risk for tumor progression (red), indicating that the 
site of local tumor progression is spatially correlated with the tissue at risk for tumor progression. The ablation zone (orange) 
has involuted compared with previous CT images.

Figure 3:  Schematic illustrations show minimal ablative margin (MAM) quantification. Left: The virtual 5-mm ablative margin (red dotted line) is 
completely covered by the ablation zone (orange solid line), with an MAM of 7 mm. Right: The virtual 5-mm ablative margin (red dotted line) is not 
completely covered by the ablation zone (orange solid line), with remaining tissue at risk for tumor progression (red) and an MAM of 2 mm.

a 3D ray-tracing method was 
used (24). Briefly, in tumors 
with an MAM less than 5 mm, 
a virtual 5 mm ablative margin 
was created on postablation 
contrast-enhanced CT images. 
In this region, the tissue not 
covered by ablation zone was 
defined as tissue at risk for tu-
mor progression (Fig 3). The 
postablation contrast-enhanced 
CT image showing tissue at risk 
for tumor progression and the 
first CT image showing local 
disease progression were used. 
First, on the CT image show-
ing local disease progression, 
a radiating cone was created 
originating from the center of 
the ablation zone covering the 
margins of local disease pro-
gression. Then, the first CT 
image showing local disease 
progression and the postabla-
tion contrast-enhanced CT im-
age were rigidly registered with 
hepatic vasculature proximal to 
the ablation zone to account 
for temporal volume changes 
in the ablation zone. If the cone 
overlapped with tissue at risk 
for tumor progression, the site 
of local disease progression was 
considered to have occurred in 
the region of the tissue at risk 
for tumor progression (Fig 4, 
Movie 2).



Lin et al

Radiology: Volume 307: Number 2—April 2023  ■  radiology.rsna.org	 5

Statistical Analysis
The primary end point was to determine if the MAM is an 
independent predictor of local disease progression. The secondary 
end points were to spatially correlate the tissue at risk for tumor 
progression with sites of local disease progression and compare 
outcomes between CLMs with MAMs of 0 mm, greater than 0 to 
less than 5 mm, and greater than or equal to 5 mm. Based on the 
previous study (24), we assumed that an MAM greater than or 
equal to 10 mm would be a rare occurrence and, therefore, it was 
not categorized for statistical purposes. Patient-level data were 
summarized for the first ablation session, and tumor characteris-
tics were summarized across all tumors. Each ablated CLM was 
considered an independent event. Differences in the volume of 

tissue at risk for tumor progression between different statuses of 
local disease progression were tested using the Mann-Whitney  
U test. The cumulative incidence function was used to estimate 
the time to local disease progression, with death without local 
disease progression considered a competing event. Associations 

Table 1: Patient Baseline Demographic and Clinical 
Characteristics

Characteristic
Value 
(n = 124)

Age (y) 57 ± 12
Sex
  M 55 (44)
  F 69 (56)
Colorectal liver metastasis presentation
  Metachronous 57 (46)
  Synchronous 67 (54)
Extrahepatic metastasis
  Yes 89 (72)
  No 35 (28)
Disease-free interval (mo)*
  >12 26 (21)
  ≤12 98 (79)
Prior chemotherapy
  Yes 88 (71)
  No 36 (29)
Carcinoembryonic antigen level (ng/mL)†

  <5 69 (68)
  ≥5 32 (32)
Neutrophil-to-lymphocyte ratio before ablation
  ≤3 75 (60)
  >3 49 (40)
RAS mutation status†

  Mutant 60 (49)
  Wild-type 62 (51)
No. of procedures 152
No. of tumors ablated per procedure
  1 96 (63.2)
  2 38 (25.0)
  3 13 (8.6)
  4 5 (3.3)

Note.––Data are mean ± SD and numbers of patients or 
procedures, with percentages in parentheses.
* From diagnosis of primary colorectal cancer to diagnosis of 
colorectal liver metastasis.
† Not all patients had available data; the carcinoembryonic 
antigen level was available in 101 patients and RAS mutation 
status was available in 122 patients.

Table 2: Tumor Characteristics

Characteristic Value (n = 213)
Ablation modality
  Radiofrequency 13 (6.1)
  Microwave 200 (93.9)
Intraprocedural contrast-enhanced CT*
  Yes 88 (41.3)
  No 125 (58.7)
Time interval between last diagnostic 

CT and ablation (d)†
30 (20–41)

Time interval between initial follow-up 
CT and ablation (d)†

50 (36–69)

Tumor size (cm)
  Mean‡ 1.4 ± 0.7 (range, 0.4–4)
  <1 55 (25.8)
  1–2 114 (53.5)
  2–3 31 (14.6)
  3–4 11 (5.2)
  ≥4 2 (0.9)
Tumor volume (mL)† 0.8 (0.3–1.6)
Tumor location, per liver segment
  Segment I 5 (2.3)
  Segment II 20 (9.4)
  Segment III 19 (8.9)
  Segment IV 35 (16.4)
  Segment V 20 (9.4)
  Segment VI 31 (14.6)
  Segment VII 35 (16.4)
  Segment VIII 48 (22.5)
Tumor location
  Subcapsular 98 (46.0)
  Nonsubcapsular 115 (54.0)
Proximity to vessel
  Perivascular 55 (25.8)
  Nonperivascular 158 (74.2)
Minimal ablative margin (mm)
  0 31 (14.6)
  >0 to <5 86 (40.4)
  ≥5§ 96 (45.1)
Volume of tissue at risk for tumor 

progression (mL)†
0.04 (0–0.3)

Note.––Except where indicated, data are numbers of tumors, with 
percentages in parentheses. MAM = minimal ablative margin.
* Includes both pre- and postablation contrast-enhanced CT.
† Data are medians, with IQRs in parentheses.
‡ Data are mean ± SD, with the range in parentheses.
§ For statistical purposes, tumors with an MAM greater than or 
equal to 10 mm (n = 7, 3.3%) were included with MAM greater 
than or equal to 5 mm according to our predefined MAM 
categorization. Please refer to the Materials and Methods section 
for further details.
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between time to local disease progression and 
clinical factors were assessed with univariable and 
multivariable competing-risks analyses with a 
Fine-Gray subdistribution hazard model (30). Fi-
nally, the percentage of tumors with local disease 
progression for which local disease progression 
was spatially localized within tissue at risk for tu-
mor progression was determined. Categorical data 
are expressed as frequencies with percentages, and 
quantitative data are expressed as means ± SDs or 
medians with IQRs, as appropriate. The Shapiro-
Wilk method was used for normality testing. P < 
.05 was considered to indicate a statistically sig-
nificant difference. All statistical analyses were per-
formed by a senior biostatistician (B.M.F., with 12 
years of biostatistics experience) using Stata/MP 
(version 17.0; StataCorp).

Results

Patient Characteristics
The study included 124 consecutive patients (mean 
age, 57 years ± 12 [SD]; 69 women) with 213 
CLMs treated in 152 sessions (median number of 
ablated CLMs per session, 1 [ IQR, 1–2]) (Fig 1). 
Baseline patient and tumor characteristics are summarized in 
Table 1 and Table 2, respectively.

Ablation Outcomes
The ablation technique efficacy was 96.7% (206 of 213 CLMs). 
Over a median follow-up time of 25.8 months, residual tumor 
was noted in seven of 213 (3.3%) ablated tumors, and local tu-
mor progression developed in 29 of 213 (13.6%) ablated tu-
mors. The 1-year and 2-year cumulative incidences of local dis-
ease progression were 12% (95% CI: 8, 17) and 16% (95% CI: 
11, 21), respectively. Interobserver variability for local disease 
progression assessment is detailed in Appendix S1.

Biomechanical DIR MAM Quantification
Of the 213 ablated tumors, 31 (14.6%) had an MAM of 0 
mm, 86 (40.4%) had an MAM ranging from greater than 0 to 
less than 5 mm, and 96 (45.1%) had an MAM greater than or 
equal to 5 mm (Table 2). Local disease progression was noted 
in 80.6% (25 of 31) of the tumors with an MAM of 0 mm and 
12.8% (11 of 86) of the tumors with an MAM ranging from 
greater than 0 to less than 5 mm. No local disease progression 
was documented among the tumors with an MAM greater than 
or equal to 5 mm. The 1-year and 2-year cumulative incidences 
of local disease progression were 61% (95% CI: 42, 76) and 
72% (95% CI: 52, 85), respectively, among the tumors with an 
MAM of 0 mm, and 8% (95% CI: 4, 15) and 12% (95% CI: 
6, 20), respectively, among the tumors with an MAM ranging 
from greater than 0 to less than 5 mm. Local disease progression 
for tumors with an MAM greater than or equal to 5 mm was not 
observed (Fig 5).

Among the 117 tumors with an MAM less than 5 mm, 36 
(30.8%) had local disease progression. The median volume of 

tissue at risk for tumor progression was 0.2 mL (IQR, 0.1–0.3 
mL) in tumors without local disease progression and 1.4 mL 
(IQR, 0.6–2.9 mL) in tumors with local disease progression  
(P < .001). Among the 117 tumors with an MAM less than 
5 mm, a volume of tissue at risk for tumor progression less 
than 1 mL was noted in 90.1% (73 of 81) of the tumors 
without local disease progression and in 38.9% (14 of 36) of 
the tumors with local disease progression (P < .001).

The effect of RAS mutation status, CT section thickness, 
and tumor size on the MAM are detailed in Appendix S1.

Univariable Competing-Risks Regression Analysis for 
Local Disease Progression
Univariable competing-risks regression analysis showed that a 
serum carcinoembryonic antigen level greater than or equal to  
5 ng/mL (subdistribution hazard ratio [SHR], 2.5; 95% CI: 
1.2, 5.1; P = .02), tumor size greater than or equal to 2 
cm (SHR, 2.9; 95% CI: 1.5, 5.8; P = .002), tumor volume 
(SHR, 1.1; 95% CI: 1.0, 1.2; P = .02), MAM of 0 mm 
(SHR, 25.0; 95% CI: 12.5, 50.0; P < .001), and volume of 
tissue at risk for tumor progression (SHR, 1.3; 95% CI: 1.2, 
1.4; P < .001) were risk factors affecting the time to local 
disease progression (Table 3).

Multivariable Competing-Risks Regression Analysis for 
Local Disease Progression
Multivariable competing-risks regression analysis showed 
that tumor size greater than or equal to 2 cm (SHR, 2.8; 
95% CI: 1.4, 5.5; P = .002) and an MAM of 0 mm (SHR, 
23.3; 95% CI: 10.8, 50.5; P < .001) were independently 
associated with local disease progression after thermal abla-
tion (Fig 6).

Figure 5:  Cumulative incidence curve shows the per-tumor cumulative incidence of local  
disease progression over time stratified by the three-dimensional minimal ablative margin (MAM). 
Vertical red lines indicate death events and vertical black lines indicate censoring, with death as a  
competing risk.
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Spatial Localization between Sites of Local Disease 
Progression and Tissue at Risk for Tumor Progression
According to the 3D ray-tracing method, 83% (30 of 36) of the 
tumors with local disease progression had the disease progression 
site spatially correlated with tissue at risk for tumor progression. 
Among the tumors with local disease progression spatially corre-
lated with tissue at risk for tumor progression, the median MAM 
was 0 mm (IQR, 0–0 mm) and the median volume of tissue at 
risk for tumor progression was 1.5 mL (IQR, 0.7–4.1 mL).

Discussion
Accurate and reproducible methods to evaluate ablation com-
pleteness have the potential to improve local tumor control 
rates in patients undergoing ablation of colorectal liver metas-
tases (CLMs). In this study, using biomechanical deformable 
image registration with AI-based autosegmentation for mini-
mal ablative margin (MAM) quantification, we found that an 
MAM greater than or equal to 5 mm was achieved in only 45% 
of ablated tumors, even though all procedures were performed 
with an ablation end point of a margin greater than or equal to 
5 mm according to visual inspection. Furthermore, an MAM 
of 0 mm was a significant independent predictor of local dis-
ease progression (subdistribution hazard ratio, 23.3; P < .001) 
and no local disease progression was observed in CLMs with an 
MAM greater than or equal to 5 mm.

Accurate and precise image registration is critical in MAM 
quantification. Previous studies excluded tumors that were not 
visible on intraprocedural CT images because of the intrinsic 
challenges of performing image registration with diagnostic 
images obtained days or weeks before the procedure (15,17). 
Also, intraprocedural image registration can be difficult be-
cause of tissue deformation related to breathing, hydrodissec-
tion, applicator placement, or ablation-related tissue changes. 
Although two-dimensional visual inspection comparing pre- 
and postablation contrast-enhanced CT images side by side 
using anatomic landmarks is a simple and direct method, it 
is time-consuming, prone to operator bias, does not consider 
biomechanical changes of liver tissue related to ablation, and 
is less accurate than a 3D method (25,31). The proposed bio-
mechanical DIR method has been validated in liver radiation 
therapy, which is notorious for resulting in remarkable tem-
poral liver deformation (23). In our study, the biomechanical 
DIR method was effective in cases with nonintraprocedural 
contrast-enhanced CT images, while also accounting for the 
biomechanical changes related to the ablation procedure.

Although our study showed a strong association between an 
MAM of less than 5 mm and local disease progression, 69% 
(81 of 117) of the CLMs with an MAM less than 5 mm had 
no local disease progression and most of them had a volume of 
tissue at risk for tumor progression of less than 1 mL. Previous 
studies using visual inspection or ablation confirmation soft-
ware for MAM quantification with different thresholds have 
shown high false-positive rates as well (7,16,17,32). The high 
false-positive rate in our study may be due to the intrinsic mar-
gin of error of the proposed DIR method (2.8 mm) (22) and 
the nonstandardized CT protocol, which was reflected in a vol-
ume of tissue at risk for tumor progression of less than 1 mL. 

Table 3: Univariable Analysis of Factors Associated with 
Local Disease Progression Using the Competing-Risks 
Regression Model

Variable SHR P Value
Age (y) 0.99 (0.9, 1.1) .76
Colorectal liver metastasis 

presentation
.36

  Metachronous Reference
  Synchronous 1.4 (0.7, 2.7)
Extrahepatic metastasis .33
  No Reference
  Yes 1.5 (0.7, 3.3)
Disease-free interval ≤12 months* .10
  No Reference
  Yes 0.6 (0.3, 1.1)
Neoadjuvant chemotherapy .65
  No Reference
  Yes 0.9 (0.4, 1.7)
Carcinoembryonic antigen level 

(ng/mL)
.02

  <5 Reference
  ≥5 2.5 (1.2, 5.1)
Neutrophil-to-lymphocyte ratio 

before ablation
.09

  ≤3 Reference
  >3 1.1 (0.9, 1.3)
RAS mutation status .94
  Wild-type Reference
  Mutant 1.0 (0.5, 2.0)
Intraprocedural contrast-enhanced 

CT†
.09

  No Reference
  Yes 0.5 (0.3, 1,1)
Tumor size (cm) .002
  <2 Reference
  ≥2 2.9 (1.5, 5.8)
Tumor volume (mL) 1.1 (1.0, 1.2) .02
Tumor location .15
  Nonsubcapsular Reference
  Subcapsular 1.6 (0.8, 3.1)
Proximity to vessel .62
  Nonperivascular Reference
  Perivascular 1.2 (0.9, 2,5)
Minimal ablative margin (mm) 

(continuous)
0.4 (0.3, 0.5) <.001

Minimal ablative margin (mm) <.001
  >0 Reference
  0 25.0  

(12.5, 50.0)
Volume of tissue at risk for tumor  

progression (mL)
1.3 (1.2, 1.4) <.001

Note.––Data in parentheses are 95% CIs. SHR = 
subdistribution hazard ratio.
* From diagnosis of primary colorectal cancer to diagnosis of 
liver metastasis.
† Includes both pre- and postablation contrast-enhanced CT.
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To overcome such limitations, standardized intraprocedural 
contrast-enhanced CT protocols and reproducible methods for 
MAM quantification are urgent.

Several studies have tried to define the optimal MAM for 
complete tumor control after CLM ablation. In studies using 
conventional visual margin assessment comparing pre- and 
postablation two-dimensional CT images, higher local tumor 
progression rates were reported with margins greater than 
5 mm compared with margins greater than 10 mm. There-
fore, a margin greater than 10 mm was recommended as op-
timal local tumor control (7,8,12). However, studies using 
both rigid and nonrigid imaging registration and 3D margin 
assessment showed that a margin greater than 2–3 mm was 
associated with no local tumor progression (15,17). In the 
present study, we found no local disease progression among 
CLMs with an MAM greater than or equal to 5 mm. This may 
indicate that achieving margins greater than 10 mm, which is 
intrinsically challenging because of the need to ablate a larger 
volume of tissue, might not be required if the biomechanical 
DIR method for MAM quantification is applied. Our results 
suggest that an MAM greater than or equal to 5 mm might be 
the optimal end point for CLM ablation. Therefore, the defi-
nition of the optimal ablation margins should be dependent 
on the specific ablation confirmation method used. The use 
of a dedicated ablation confirmation software during ablation 
procedures might improve the ability to achieve optimal abla-
tion margins, and the proposed method provides a potential 
solution. Our ongoing phase II randomized trial (ClinicalTri-
als.gov registration no. NCT04083378) is evaluating the role 
of our method, with the primary end point of achieving an 
MAM greater than or equal to 5 mm, as an intraprocedural 
ablation confirmation tool (33).

An interesting finding in our study was that, contrary to 
prior studies, RAS mutation status was not demonstrated to 
be an independent factor for local disease progression (P = .20) 
(6,13,34). There are several potential reasons for this lack of as-
sociation. First, some of the prior studies expanded the defini-
tion of local tumor progression by including the appearance of 
tumor foci within 1 cm of the edge of the ablation zone (6,13), 
which was different from our study. Second, it is conceivable 
that the patients included in our study have been treated with 

larger ablation zones given the current understanding that 
larger ablative margins are needed for patients with CLM, es-
pecially those with RAS mutation. This could have offset the 
effects of RAS mutation status on local tumor outcomes. Prior 
studies correlating ablation margins and RAS mutation status 
had ablation margins evaluated by visual inspection instead of 
software-based quantitative MAM analysis, which might have 
overestimated the MAM and, therefore, precludes accurate 
comparison with our present series. Finally, the lack of associa-
tion between RAS mutation and local tumor outcomes is in 
keeping with a recent study assessing the MAM using a rigid 
registration method, which demonstrated that KRAS mutation 
was not a predictor of ablation site recurrence on multivariable 
analysis after the MAM was taken into account (15).

Our study had several limitations. First, a small number of 
local disease progression events (n = 36) were observed, which 
may have biases in regression coefficients and predictive accu-
racy at multivariable analysis. However, the sample size in our 
study was larger than in other studies related to MAM assess-
ment of CLM ablation. Second, the retrospective design pre-
cluded ruling out selection bias. Third, variations in CT timing 
and acquisition parameters may have limited the accuracy of 
MAM quantification. Fourth, we did not compare the MAM 
quantified by the proposed method with that of other soft-
ware or visual inspection, which warrants further study. Finally, 
the competing-risks regression analysis was a patient-clustered 
tumor-based analysis and did not take into account within-
patient correlation given the limitation of this method.

In conclusion, the proposed biomechanical deformable 
image registration three-dimensional minimal ablative margin 
(MAM) quantification method with autosegmentation on CT 
images showed a strong association between the MAM and local 
disease progression. No local disease progression occurred for 
colorectal liver metastases (CLMs) with an MAM greater than 
or equal to 5 mm, which was achieved in less than 50% of the 
ablated CLMs. Sites of local disease progression were localized in 
more than 80% of the cases within areas with an MAM less than  
5 mm. An ongoing phase II clinical trial with a standardized 
intraprocedural contrast-enhanced CT imaging protocol is 
currently evaluating the role of this method for intraprocedural 
feedback and its potential clinical benefit (33).

Figure 6:  Forest plot based on multivariable analysis of factors associated with local disease progression using the 
competing-risks regression model shows that tumor size greater than or equal to 2 cm and a minimal ablative margin (MAM)  
of 0 mm are independently associated with local disease progression after thermal ablation. CEA = carcinoembryonic antigen,  
ref = reference, SHR = subdistribution hazard ratio.
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