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ABSTRACT

Purpose: To identify and compare predictors of local tumor progression (LTP)-free survival (LTPFS) after radiofrequency (RF)
ablation and microwave (MW) ablation of colorectal liver metastases (CLMs).

Materials and Methods: This is a retrospective review of CLMs ablated from November 2009 to April 2015 (110 patients). Margins
were measured on contrast-enhanced computed tomography (CT) 6 weeks after ablation. Clinical and technical predictors of LTPFS
were assessed using a competing risk model adjusted for clustering.

Results: Technique effectiveness (complete ablation) was 93% (79/85) for RF ablation and 97% (58/60) for MW ablation (P ¼ .47).
The median follow-up period was significantly longer for RF ablation than for MW ablation (56 months vs. 29 months) (P < .001).
There was no difference in the local tumor progression (LTP) rates between RF ablation and MW ablation (P ¼ 0.84). Significant
predictors of shorter LTPFS for RF ablation on univariate analysis were ablation margins 5 mm or smaller (P < .001) (hazard ratio
[HR]: 14.6; 95% confidence interval [CI]: 5.2–40.9) and perivascular tumors (P ¼ .021) (HR: 2.2; 95% CI: 1.1–4.3); both retained
significance on multivariate analysis. Significant predictors of shorter LTPFS on univariate analysis for MW ablation were ablation
margins 5 mm or smaller (P < .001) (subhazard ratio: 11.6; 95% CI: 3.1–42.7) and no history of prior liver resection (P < .013) (HR:
3.2; 95%: 1.3–7.8); both retained significance on multivariate analysis. There was no LTP for tumors ablated with margins over 10
mm (median LTPFS: not reached). Perivascular tumors were not predictive for MW ablation (P ¼ .43).

Conclusions: Regardless of the thermal ablation modality used, margins larger than 5 mm are critical for local tumor control,
with no LTP noted for margins over 10 mm. Unlike RF ablation, the efficiency of MW ablation was not affected for perivascular
tumors.
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INTRODUCTION

Radiofrequency has been the most studied ablation modality
in the treatment of colorectal liver metastases (CLMs) (1).
The wide range of local tumor progression (LTP) reported
for the percutaneous approach (12%–48%) (2–4), when
compared to resection, limited its use to highly selected
patients with small, well-positioned tumors (3–6) or with
liver recurrences after hepatectomy (7). Ablation with suf-
ficient radiographic margins (4,5) and histologically proven
necrosis significantly lower LTP (6).

Microwave (MW) ablation is gaining popularity in the
ablation of liver tumors with the hope of capitalizing on its
potential benefits over RF ablation, which were demonstrated
mainly in animal studies (8–13). These include no need for
grounding pads, less susceptibility to the heat sink phenom-
enon, larger ablation zones, shorter ablation times, and
possibly better local tumor control (8–13). Previous clinical
comparisons of MW ablation to RF ablation suggested an
advantage for MWablation with regard to local tumor control
for CLM; however, they did not evaluate outcomes based on
the creation of ablation margins (14).

The aim of this study was to compare local tumor
progression-free survival (LTPFS) after RF ablation and
MW ablation of CLMs, taking into account all possible
predictors that can impact LTP and LTPFS.
Figure 1. Kaplan-Meier curves for margin size and perivascular

tumors in the radiofrequency ablation group.
METHODS

Study Population
This was an institutional review board-waived retrospective
review of a Health Insurance Portability and Accountability
Act-compliant clinical image-guided percutaneous ablation
database ofCLMpatients. FromDecember 2002 toApril 2015,
260 patients were treated using either RF ablation (n¼ 183) or
MW ablation (n ¼ 77). As of November 2009, a mandatory
uniform immediate post-ablation contrast enhanced computed
tomography (CECT) was implemented to evaluate adequate
tumor coverage. Therefore, for the purpose of this study, only
patients ablated from November 2009 to April 2015 were
included (n ¼ 154): RF ablation (n ¼ 80) and MW ablation
(n ¼ 74). This was done so that both the technical approach
and endpoints were identical in both groups, including the
fact that all ablations would have been uniformly assessed by
an immediate and a 6-week post-ablation CECT. The final
study population after exclusions, as presented in Figure 1,
consisted of 62 patients with 85 tumors ablated in 72
sessions using RF ablation and 48 patients with 60 tumors
ablated in 52 sessions using MWablation.
Baseline Characteristics
The RF ablation and MW ablation groups had similar base-
line characteristics, with the exception of age, number of liver
tumors at presentation, and perivascular tumors (Table 1).
There were significantly more perivascular tumors in the
MW ablation group (45%; 27/60) than in the RF ablation
group (21%; 18/81) (P ¼ .002). The median distance
between the vessel and the edge of the tumor was 3.4 mm
(range: 0–9.3 mm) for the RF ablation group and 2.5 mm
(range: 0–9 mm) for the MW ablation group (P ¼ .89).
Both groups had a similar distribution of patients with low
versus high clinical risk score (P ¼ .44) (4,7) and tumors
with an ablation margin larger than 5 mm (P ¼ .29). The
median tumor size was 1.8 cm (range: 0.6–4.5 cm) in the RF
ablation group and 1.7 cm (range: 0.7–3.7 cm) in the MW
ablation group (P ¼ .67). There was a slightly higher per-
centage of tumors larger than 3 cm in the RF ablation group
(12%; 10/85) versus in the MW ablation group (7%; 4/60),
which was not significant (P ¼ .40).

Ablation Procedure
General anesthesia with continuous electrophysiologic
monitoring was always used. CT (with CT fluoroscopy
capabilities) ± ultrasonography was used for real-time
needle positioning, guidance, and ablation zone moni-
toring. Additionally, positron emission tomography (PET)/
CT was used in 6 sessions; the split-dose PET/CT technique
was used in 68 sessions. The radiofrequency electrodes used
were: Cool-tip RFAblation System (Medtronic, Minneapolis,



Table 1. Comparison of Baseline Patient/Tumor Characteristics

Characteristic RF Ablation Group MW Ablation Group P value

Sex (Female) 24/62 (39%) 13/48 (27%) .20

Age (>60 years) 22/62 (35%) 29/48 (60%) .009*

Node positive primary 38/62 (61%) 31/48 (65%) .77

DFI† (<12 months) 51/62 (82%) 39/48 (81%) .89

Prior liver resection 50/62 (81%) 35/48 (73%) .34

Prior HAIC 33/62 (53%) 31/48 (65%) .23

Tumor number at time of ablation (>1)‡ 22/62 (35%) 8/48 (17%) .023*

CEA >5 ng/ml 37/62 (60%) 26/48 (54%) .56

Clinical risk score‡

0–2 32/62 (52%) 29/48 (60%) .44

3–5 30/62 (48%) 19/48 (40%)

Extra-hepatic disease 24/62 (39%) 16/48 (33%) .56

Tumor size (median, range) 1.8 cm (0.6–4.5) 1.7 cm (0.7–3.7) .67

Subcapsular location 69/85 (81%) 48/60 (80%) .86

Requiring hydro/pneumodissection 14/85 (16%) 11/60 (18%) .77

Proximity to a vessel 18/85 (21%) 27/60 (45%) .002*

Ablation margin

�5 mm 42/85 (49%) 35/60 (48%) .29

>5 mm 43/85 (51%) 25/60 (42%)

CEA ¼ carcinoembryonic antigen; DFI ¼ disease-free interval; HAIC ¼ hepatic artery infusion chemotherapy; MW ¼ microwave; RF ¼
radiofrequency.

*P values <.05 were considered statistically significant.
†Range was 1–3 tumors.
‡Components: CEA level >5 ng/ml, size of largest tumor >3 cm, tumor number >1, DFI >12 months, node positive primary. A CEA

level >5 ng/ml was chosen instead of >30 ng/ml since only one patient in MW ablation group had a CEA level >30 ng/ml.
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Minnesota) (n ¼ 57), RITA XL/XLI (Angiodynamics,
Latham, New York) (n ¼ 24), and LeVeen Needle Electrode
(Boston Scientific, Natick, Massachusetts) (n ¼ 4). The
numbers of Cool-tip RF electrodes were: one in 12 cases,
two in 18 cases, and three in 27 cases. The microwave
antennae used were: Neuwave (NeuWave Medical, Madi-
son, Wisconsin) (n ¼ 45), Amica (Mermaid Medical,
Centennial, Colorado) (n ¼ 9), Microsulis (Angiodynamics,
New York, New York) (n ¼ 4), and Emprint (Medtronic,
Minneapolis, Minnesota) (n ¼ 2). The numbers of micro-
wave antenna used were: one for 78% of tumors (n ¼ 47/60)
and two for 22% of tumors (n ¼ 13/60). Ablations were
performed according to the manufacturer’s protocol with the
aim of creating an ablation margin larger than 5 mm all
around the tumor. Two interventional radiologists (S.B.S.
and C.T.S.), both with 9 years of experience with ablation at
the start of the study, performed most ablations (81%). The
mean ablation time for each overlap and the total ablation
time per tumor were compared between RF ablation and
MW ablation. The information regarding the number of
overlaps for each tumor was available for 140/145 tumors,
and the ablation time for each overlap/total ablation time
was available for 108/145 tumors.

Definitions
Technique effectiveness (complete ablation) was defined as
an ablation defect completely covering the target tumor with
no evidence of residual disease on the first post-ablation
CECT (6 weeks). This was used as the new basis for
future radiologic comparisons (15). Subsequently, all pa-
tients underwent CECT every 3 months. Magnetic resonance
imaging or PET/CT was obtained for further evaluation of
questionable findings. LTP was defined radiologically as a
hypodense lesion or peripheral/nodular enhancement less
than 1 cm from the edge of the ablation zone on CECT or a
new metabolically active area in close proximity on PET/CT
(confirmed by Nuclear Medicine and IR clinic faculty
notes). LTPFS was defined as the time from ablation until
radiologic evidence of LTP or last follow-up.

Perivascular tumors were defined on the baseline CECT as
located less than 10 mm away from a vessel 3 mm or larger in
diameter (FigE1 [available onlineatwww.jvir.org]).According
to location, tumors were also classified as subcapsular
(<10 mm from the liver edge) and nonsubcapsular.
Maneuvers required to protect adjacent structures during
ablation (air- and/or hydro-dissection) were noted.

Ablation margins were measured on a PACS workstation
using the first pre- and post-ablation CECT scans and
anatomic landmarks, as previously described (4,5) (Fig E2
[available online at www.jvir.org]). In short, distances were
measured from the edge of the tumor/ablation defect to
the anatomic landmarks chosen on the pre- and post-
ablation CECT scans, respectively. For each landmark, the
pre-ablation distance was subtracted from the post-ablation
distance to render the margin at that site; the smallest
value was considered the minimal margin. Margin size was

http://www.jvir.org
http://www.jvir.org
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classified as: 0 mm, 1–5 mm, >5-10 mm, and larger than 10
mm. Ablation with margins larger than 10 mm was defined
as A0. These assessments were done in consensus (inde-
pendently obtained, then reconciled) by a minimum of two
and up to four readers: W.S. (MD, IR research fellow), X.W.
(MD, radiologist, IR research fellow, acknowledged),
R.K.D. (MD, hepatobiliary radiologist), and C.T.S. (MD,
IR, senior author).
Complications
Complications were classified as minor (requiring no ther-
apy) and major (requiring therapy and hospitalization)
according to Society of Interventional Radiology guidelines
(16). The proportions of complications were compared
between the RF ablation and MW ablation groups.
Statistical Analysis
The proportions of baseline factors and complication rates
were compared using the chi-squared or Fischer exact test.
The nonparametric Mann-Whitney U test was used to
compare the time of each overlap and total ablation time
between the RF ablation and MW ablation groups. LTPFS
was calculated using Kaplan-Meier methodology. Univariate
and multivariate analyses were done using a competing risk
model to account for patients who died before LTP. The
model was adjusted for clustering to account for multiple
tumors per patient. The subhazard ratios for statistically
significant variables on univariate and multivariate analysis
were reported. Multivariate analysis was performed by
backward stepwise selection using variables with a P value
less than .15 on univariate analysis. Since no recurrences
were noted in tumors ablated with margins over 10 mm, a
regression analysis to allow inclusion of all margin cate-
gories (0 mm, 1-5 mm, >5-10 mm, and >10 mm) using
Firth’s method was additionally performed. Statistical sig-
nificance was defined as a P value of less than .05. STATA
version 12.0 software (StataCorp LP, College Station, Texas)
was used. The cumulative incidence of LTP was calculated
using the cmprsk package in R version 3.2.3 software.
Figure 2. Kaplan-Meier curves for: (a) margin size (significant predic

ablation group.
RESULTS

Ablation Procedure Comparison
The mean ablation time for each overlap was significantly
shorter for MW ablation (P < .001), with a median of 7
minutes (range: 2.7–20 minutes) versus 15 minutes (range:
5.5–24 minutes) for RF ablation. A higher percentage of
tumors required more than two overlaps for MW ablation
(63%; 38/60) versus RF ablation (31%; 25/80) (P < .001).
Despite this, the total ablation time per tumor was signifi-
cantly shorter for MW ablation (P ¼ .044), with a median of
18 minutes (range: 3.5–40 minutes) versus 23.5 minutes
(range: 7–77 minutes) for RF ablation.
Complete Ablation and LTP Rates
Complete ablation was achieved in 93% of tumors (79/85)
in the RF ablation group and in 97% of tumors (58/60) in
the MW ablation group (P ¼ 0.47). Eight patients in the RF
ablation group were lost to follow-up, with a median follow-
up time of 14 months (range: 8–60 months); five patients in
the MW ablation group were lost to follow-up, with a me-
dian follow-up time of 16 months (range: 12–21 months).
The median follow-up period was significantly longer for
RF ablation (56 months) than MW ablation (29 months)
(P < .001). During the follow-up period, there was no dif-
ference in the LTP rate between RF ablation (40%; 34/85)
and MW ablation (38%; 23/60) (P ¼ .84). The LTP-free
survival rates for RF ablation versus MW ablation at 12,
18, and 24 months were 69% versus 75%, 66% versus 66%,
and 61% versus 60%, respectively. The cumulative inci-
dence of LTP for RF ablation and MW ablation at 12, 18,
and 24 months were 30% versus 25%, 32% versus 33%, and
36% versus 38%, respectively.
Univariate and Multivariate Analysis
On univariate analysis, predictors of shorter LTPFS for RF
ablation were ablation margin of 5 mm or smaller (Fig 2a)
and perivascular tumors (Fig 2b, Table 2). On multivariate
analysis, both ablation margin of 5 mm or smaller
tor) and (b) perivascular tumors (significant predictor) in the RF



Table 3. Multivariate Analysis for the RF Ablation and MW Ablation Groups

Predictor RF Ablation Group Predictor MW Ablation Group

P value SHR 95% CI P value SHR 95% CI

Ablation margin �5mm <.001 20.0 7.49–50.5 Ablation margin �5mm <.001 13.7 3.2–58.6

Proximity to a vessel <.001 4.1 2.0–8.6 Prior surgical resection .002 0.25 0.11–0.59

CI ¼ confidence interval; MW ¼ microwave; RF ¼ radiofrequency; SHR ¼ subhazard ratio.

Table 2. Univariate Analysis for the RF Ablation Group and MW Ablation Group

Predictor

RF Ablation Group MW Ablation Group

P value SHR 95% CI P value SHR 95% CI

Sex (Male vs Female) .3 .7 .3–1.4 .6 .7 .2–2.2

Age (> 60 years) .5 .8 .4–1.6 .9 1.0 .4–2.7

Node-positive primary .8 1.1 .6–2.1 .6 .8 .3–2.1

DFI* (<12 months) .6 1.3 .5–3.5 .4 2.1 .4–10.0

Prior liver resection .3 1.6 .7–3.9 .013* 3.1 1.3–7.8

Prior HAIC .1 1.7 .8–3.4 .9 .9 .3–2.5

Tumor number at time of ablation (2-3) .6 .8 .4–1.7 .3 1.8 .7–4.8

CEA >5 ng/ml .5 1.3 .6–2.7 .4 1.5 .6–4.0

Extrahepatic disease .5 1.2 .6–2.5 .7 .8 .3–2.3

Tumor size (each cm) .09 1.3 1.0–1.9 .7 1.1 .7–2.0

Subcapsular location .4 .8 .4–1.5 .1 .5 .2–1.2

Ablation margin size �5 mm <.001* 14.6 5.2–40.9 <.001* 11.6 3.1–42.7

Requiring hydro/pneumodissection .3 .5 .1–1.7 .9 .91 .34–2.5

Proximity to a vessel .02* 2.2 1.1–4.4 .4 .74 .35–1.6

CRS �3 .6 1.2 .6–2.6 .1 2.1 .8–5.5

CEA ¼ carcinoembryonic antigen; CI ¼ confidence interval; CRS ¼ clinical risk score; DFI ¼ disease-free interval; HAIC ¼ hepatic artery

infusion chemotherapy; MW ¼ microwave; RF ¼ radiofrequency; SHR ¼ subhazard ratio.

*P values <.05 were considered statistically significant.
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(P < .001) and perivascular location (P < .001) were
independent predictors (Table 3). The LTP rate for tumors
with a margin of 5 mm or smaller, >5–10 mm, and larger
than 10 mm (A0) were 71% (n ¼ 30/42), 14.8% (n ¼
4/27), and 0% (n ¼ 0/16), respectively.

For MW ablation, the predictors of shorter LTPFS on
univariate analysis were no history of prior liver resection
and ablation margin of 5 mm or smaller (Fig 3a, Table 2).
Perivascular location was not a predictor (P ¼ .43) (Fig 3b).
On multivariate analysis, both ablation margin size of 5 mm
or smaller (P < .001) and no prior liver resection (P ¼ .002)
remained independent predictors of LTP (Table 3). The
LTP rate for tumors with a margin of 5 mm or smaller,
>5–10 mm, and larger than 10 mm (A0) were 60% (n ¼
21/35), 10.5% (n ¼ 2/19), and 0% (n ¼ 0/6), respectively.
Achieving a margin of larger than 10 mm had a protective
effect on LTPFS for tumors treated with either RF ablation
or MW ablation (HR: .002, 95% CI: 1–1.02, P < .0001
and HR: 0.023, 95% CI: 1–1.6, P ¼ .016, respectively)
when compared to a margin of 0 mm. A statistically
significant difference was also noted when margins larger
than 10 mm were compared to margins 1-5 mm for the
RF ablation group (P ¼ .006) but not for the MW ablation
group (P ¼ .176). Despite the lack of LTP in the larger-
than-10 mm margin (0% LTP) in both groups, the differ-
ence in the >5-10-mm (6/46: 13% LTP) groups did not
reach significance (P ¼ .278 for RF ablation and P ¼ .968
for MW ablation).

The LTPFS Kaplan-Meier and cumulative incidence
curves across the margin categories for both the RF ablation
and MWablation groups are displayed in Figure 4a and 4b,
showing no significant difference between the groups.

Complications
Table 4 shows the complications. There was no difference
in complication rates between groups (P ¼ .35).
DISCUSSION

Heat sink effect is an important limitation of RF ablation,
resulting in higher LTP rates for perivascular tumors (vessel
� 3 mm in diameter) (17,18). Abolishing the heat sink effect
using percutaneous balloon occlusion for tumors 3.5 cm or
smaller that were directly adjacent to a major hepatic/portal
vein (�4 mm) reduced the LTP rate to that of non-
perivascular tumors: 11% versus 9%, respectively (19).



Figure 3. Kaplan-Meier curves for: (a) margin size (significant predictor) and (b) perivascular tumors (nonsignificant predictor) in the

MW ablation group.

Figure 4. Kaplan-Meier and cumulative incidence curves by modality, (a) RF ablation and (b) MW ablation, at each margin size

category.
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Because of the different mechanism and faster rate of tissue
heating, MW ablation may be relatively resistant to the heat
sink effect, as shown in animal studies (8,9,11,20). In the
present study, perivascular tumors had a significantly higher
LTP after RF ablation, similar to previous reports (2,17).
Perivascular location did not impact LTP after MWablation.
The results presented here validate the findings of animal
studies (8,9,11,20), regarding the diminished effect of heat
sink on MW ablation zones. The heat sink effect may still
affect MW ablation (9,13,21); however, based on the results
of this study and those of animal studies, lower LTP rates
and less susceptibility to the heat sink effect for perivascular
tumors can be expected with MW ablation when compared
to RF ablation.

An interesting finding in the present study was that no
history of prior liver resection led to shorter LTPFS in pa-
tients treated with MW ablation. This is probably related to
tumor biology. Resectable patients are very carefully
selected, so they have no extrahepatic disease or known
factors related to high risk for subsequent recurrences.
Conversely, nonresectable patients are usually in more
advanced stages of disease or have high volume of liver
disease, making surgery impossible. Ablation margins are
probably the most important predictor of LTP after RF
ablation of liver tumors (4–6,18). In the present study,
margin size was a significant predictor of LTP for both MW
ablation and RF ablation, highlighting the importance of
achieving sufficient ablation margins with MW ablation, as
it is with RF ablation. Although there was no recurrence in
the group of CLMs ablated with margins larger than 10 mm
(median LPFS: not reached), this difference did not reach
significance when compared to CLMs ablated with margins
of >5–10 mm (LTPFS: 64 months). The lack of significance
may be due to the small samples in these two groups. Thus,
based on these results, every effort should be made to create
margins at least larger than 5 mm and ideally larger than 10
mm (A0) all around the tumor with either modality. LTP was
not noted in any of the A0 ablations (n ¼ 22), regardless of
modality.

Ablations with margins larger than 5 mm and with his-
tologically proven tumor-free ablation zones have LTP rates
(3%–15%) (4,6) that are similar to surgical site recurrences
after wedge or anatomic resections (3.7%–12.8%) (22–24).
Additionally, biopsies of the ablation zone can help detect
patients at risk for LTP (by use of prolific or viability
markers) and indicate the need for additional ablation
or adjuvant therapy, similar to resection with positive
margins (6,25).



Table 4. Complications in the RF Ablation and MW Ablation Groups

Major Complications

RF Ablation Group MW Ablation Group

Complication (Class) No. Treatment Complication (Class) No. Treatment

Pneumothorax (C) 6 Chest tube Pneumothorax (C) 4 Chest tube

Venous/pulmonary

embolism (D)

1 Anticoagulation Hepatic artery-portal venous

fistula (D)

1 Embolization

Anuria and bacteremia

(BPH patient) (D)

1 Foley’s catheter and IV

antibiotics

Bowel perforation (D) 1 Surgical repair

Intrahepatic hematoma (D) 1 Embolization

Total (rate) 9 (13%) 6 (12%)

Minor Complications

RF Ablation Group MW Ablation Group

Complication (Class) No. Complication (Class) No.

Pneumothorax (A) 4 Pneumothorax (A) 7

Intra/perihepatic hematoma 3 Biloma (B) 2

AV fistula (B) 1 Left portal vein thrombosis (B) 1

Pain and delirium (A) 1 Subcapsular hematoma (B) 1

Pleural effusion (B) 1 Subcutaneous emphysema (B) 1

Pleural effusion (B) 1

Total (rate) 10 (14%) 13 (25%)

MW ¼ microwave; RF ¼ radiofrequency.
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A recent meta-analysis of 16 studies (2295 tumors)
compared MW ablation and RF ablation and concluded that
LTP rates were similar (26). The pooled LTP rate was 13.4%
for MW and 11.8% for RF (P ¼ .91) (26). Most of these
studies were of hepatocellular carcinoma; however, the two
studies of liver metastases reported a significantly lower
LTP rate for MW ablation. One study of mixed primary
tumors with an LTP rate of 8.6% for MW ablation and
20.3% for RF ablation (P ¼ .07) (27) did not clarify the
timeline for the use of each modality; thus, device devel-
opment and operator experience, which are prone to change
over time, may be confounding factors. In the second study,
the LTP rate for MW ablation was 6% versus 20% for RF
ablation (P < .01) (14). The LTP rate for the RF ablation
group was significantly higher in the first half of that study
(2001–2005) at 33% versus the second half at 15% (P <
.01), likely a result of differences in surgeon experience.
MW ablation was used increasingly in that study from 2008
(20%) to 2011 (98%). The lack of stratification based on
ablation margins is perhaps the most important shortfall in
that study, since it may well account for all observed dif-
ferences. To avoid confounders of operator experience and
differences in margin size, only RF ablation cases performed
since November 2009 were included in the present study,
when ablation margin creation and assessment was uni-
formly established, resulting in improved LTP rates (4). In
addition, the proportion of margins larger than 5 mm was
similar between RF ablation and MW ablation groups, and
LTPFS was stratified by modality and margin size.

In the present study, no difference was observed in the
complication rates between the two modalities. Previous
studies reported similar complication rates for RF ablation
(28) and for MW ablation (29).

The limitations of this study include the retrospective
design, the shorter follow-up period for the MW ablation
group versus the RF ablation group, and the lack of path-
ologic confirmation of complete ablation with margins free
of tumor cells at the end of ablation. Additionally, our study
suffers from potential selection bias regarding the ablation
technology used, which was at the discretion of the oper-
ating physician. As recently shown, biopsy of the ablation
zone and tissue morphologic assessment with proliferation
and viability markers may further help detect patients at risk
for LTP (6). The need to identify reliable biomarkers (30)
and surrogate image biomarkers (31) is an important limi-
tation of percutaneous ablation compared to resection. This
need has led investigators to design special needles that can
ablate and sample the tumor with a single application (32).
This might allow pathologic and immunohistochemical
confirmation of complete tumor ablation and tumor-free
margins while minimizing needle passes. Furthermore, the
lack of molecular profiling and assessment of tumor biology
is another important limitation of this study, as well as the
interventional radiology literature in general (30,33).

The manual method of margin assessment is time-
consuming and prone to registration errors, as previously
outlined (5). On the other hand, this method is reproducible
even in practices that do not have and sometimes cannot
even afford software packages that allow three-dimensional
assessment of tumors and margins.

In conclusion, sufficient ablation margins remain the most
important technical factor for complete tumor ablation. They
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also provide the most reliable predictor of LTP regardless of
the thermal ablation modality used. The creation of suffi-
cient ablation margins is as essential for MWablation as it is
for RF ablation. It is clear that A0 (margin >10 mm) is
likely to provide complete tumor necrosis and is therefore
recommended whenever safe and feasible. A margin of at
least 5 mm is mandatory when offering ablation with
curative intent. MW ablation proved to be resilient to the
heat sink effect compared to RF ablation, offering good
control for perivascular tumors. Although the overall LTP
rates for the small number of CLMs treated in this cohort
were similar between RF ablation and MW ablation, we
favor the use of MW ablation due to its improved ability to
treat perivascular tumors, as well as its ability to achieve
ablation in significantly reduced times and with no need for
grounding pads.
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Figure E1. (a) 1.4-cm colorectal liver metastasis in segment 2/3 near the left portal vein. (b) Microwave (MW) ablation using a Neuwave

PR probe. (c) Contrast-enhanced computed tomography (CECT) at 8 weeks after MW ablation shows an ablation defect measuring 2.8 x

1.9 cm without any radiologic evidence of residual disease. (d, e, f) Follow-up imaging with CECT at 5 months, 1 year, and 1.5 years

shows continuous involution of the ablation defect, consistent with successful treatment.

Figure E2. Example of ablative margin measurement in a 56-year old woman with a 2.3-cm colorectal liver metastasis in segment 2. (a)

Axial portal venous phase computed tomography (CT) image shows the tumor before RF ablation; distances 1, 2, 3, and 4 were

measured from the edges of the tumor to the chosen landmarks. (b) Axial portal venous phase CT image obtained 7 weeks after RF

ablation shows the ablation defect; the same distances 1, 2, 3, and 4 were measured from the edge of the ablation defect to the same

landmarks. The corresponding distances were subtracted, and the smallest value was chosen as the minimal margin—that is, distance 4

(76.0 mm–73.3 mm ¼ 2.7 mm).
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