
CLINICAL INVESTIGATION INTERVENTIONAL ONCOLOGY

Use of Contrast Media During CT-guided Thermal Ablation
of Colorectal Liver Metastasis for Procedure Planning is
Associated with Improved Immediate Outcomes

Iwan Paolucci1 • Yuan-Mao Lin1 • A. Kyle Jones2 • Kristy K. Brock2 •

Bruno C. Odisio1

Received: 9 August 2022 /Accepted: 29 November 2022 / Published online: 6 January 2023

� Springer Science+Business Media, LLC, part of Springer Nature and the Cardiovascular and Interventional Radiological Society of Europe

(CIRSE) 2023

Abstract

Purpose The aim of this study was to analyze the impact

of using intra-procedural pre-ablation contrast-enhanced

CT prior to percutaneous thermal ablation (pre-ablation

CECT) of colorectal liver metastases (CLM) on local

outcomes.

Materials and Methods This retrospective analysis of a

prospectively collected liver ablation registry included 144

consecutive patients (median age 57 years IQR [49, 65],

60% men) who underwent 173 CT-guided ablation sessions

for 250 CLM between October 2015 and March 2020. In

addition to oncologic outcomes, technical success was

retrospectively evaluated using a biomechanical deform-

able image registration software for 3D-minimal ablative

margin (3D-MAM) quantification. Bayesian regression was

used to estimate effects of pre-ablation CECT on residual

unablated tumor, 3D-MAM, and local tumor progression-

free survival (LTPFS).

Results Pre-ablation CECT was acquired in 71/173 (41%)

sessions. Residual unablated tumor was present in one

(0.9%) versus nine tumors (6.6%) ablated with versus

without using pre-ablation CECT, respectively (p = 0.024).

Pre-ablation CECT use decreased the odds of residual

disease on first follow-up by 78% (CI95% [5, 86]) and

incomplete ablation (3D-MAM B 0 mm) by 58% (CI95%
[13, 122]). The odds ratio for residual unablated tumor for

larger CLM was lower when pre-ablation CECT was used

(odds ratio 1.0 with pre-ablation CECT vs. 2.52 without).

Pre-ablation CECT use was not associated with improve-

ments on LTPFS.

Conclusions Pre-ablation CECT is associated with

improved immediate outcomes by significantly reducing

the incidence of residual unablated tumor and by mitigating

the risk of incomplete ablation for larger CLM. We rec-

ommend performing baseline intra-procedural pre-ablation

CECT as a standard imaging protocol.

Level of evidence Level 3 (retrospective cohort study).

Keywords Colorectal liver metastases � Thermal

ablation � Computed tomography � Contrast media �
Ablative margin

Introduction

Percutaneous thermal ablation for patients with colorectal

liver metastasis can be performed alone or in conjunction

with resection as long as all visible disease can be eradi-

cated according to the guidelines of the European Society

for Medical Oncology [1]. These procedures are most

commonly performed under ultrasound or computed

tomography (CT) imaging guidance. CT provides user-in-

dependent multiplanar cross-sectional imaging and is

available in most health care centers. Moreover, with the

rise of image fusion, ablation confirmation software, and
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stereotactic and robotic guidance technologies, CT is

becoming the standard imaging modality for ablation

guidance in many centers [2]. Despite the acknowledgment

of CT as the optimal image-guidance modality for liver

ablation, large parts of the image-guidance technique are

not standardized which might contribute to wide variations

in local tumor progression (LTP) rates [3].

Of all the factors known to be associated with LTP

following percutaneous ablation of colorectal liver metas-

tases (CLM) [3–5], the 3D-minimal ablative margin (3D-

MAM) is the only modifiable factor during an ablation

procedure. Complete ablation with sufficient margin, usu-

ally defined as ablation with a circumferential tumor-free

margin of at least 5 mm [6], has been shown to be a strong

predictor of LTP-free survival (LTPFS) [5, 7, 8]. To

achieve and confirm 3D-MAM, it is important to clearly

visualize the location and size of the tumor as well as the

ablation zone, which requires contrast-enhanced CT

(CECT) imaging. Intra-procedural CECT imaging can

serve two distinct functions: pre-ablation for accurate

depiction of tumor location and size; post-ablation for

immediate ablation zone assessment. While CECT is rec-

ommended for procedure planning and ablation margin

assessment [2], there is no clear evidence whether these

images should be acquired intra-procedurally or peri-

procedurally.

We hypothesize that the use of pre-ablation CECT in

CT-guided thermal ablation of CLM prior to the ablation

improves technical success and short-term oncological

outcomes. The primary endpoint of this study was residual

tumor at first imaging follow-up. Secondary endpoints

were minimum ablative margins and LTPFS.

Materials and Methods

Study Population

This was a single-institution retrospective review of a

prospectively maintained liver ablation registry, approved

by the institutional review board with a waiver of informed

consent. The analysis included 173 consecutive CT-guided

thermal ablation procedures performed between December

2015 and March 2020 for a total of 250 locoregional

treatment naı̈ve CLM in 144 patients (60% men; median

age, 57 years [range, 32–84]). Selection criteria are pre-

sented in the flowchart in Fig. 1. This study was conducted

according to the STROBE guidelines [9].

Intra-procedural pre-ablation CECT was defined as

acquisition of a CECT image by the injection of intra-

venous contrast media immediately before placement of

the ablation probe. Intra-procedural post-ablation CECT

was defined as acquisition of at least one CECT image by

the injection of intravenous contrast media immediately

after ablation to evaluate completeness of ablation.

Procedure

Patients were eligible for percutaneous ablation of CLM if

they had B 5 CLM, measuring B 5 cm each. All proce-

dures were performed with curative-intent, under CT

imaging-guidance, and the goal of completely ablating

each CLM with a least C 5 mm margin [10, 11]. However,

during the study period there was no consensus regarding

the use of specific software for intra-procedural margin

assessment. All ablations were performed by one of nine

board-certified interventional radiologists with 6–13 years

of experience, with the patient under general anesthesia

and breath hold during imaging acquisition. Administration

of contrast media during pre- and/or post-ablation CT

image acquisition was at the interventional radiologist’s

discretion. Ablations were performed with radiofrequency

(Cool-tip radiofrequency ablation system; Covidien,

Boulder, Colorado, USA) or microwave (Certus probe,

Certus 140 2�4-GHz microwave ablation system; Neu-

Wave, Madison, Wisconsin, USA) according to the oper-

ator’s choice.

CECT Imaging Protocol

Until 2019, intra-procedural CECT for ablation planning

was performed with no standard protocol in place. In early

2019, a standard protocol for dual phase CECT (arterial

and portal venous phases) for ablation planning was

developed and implemented across our operation (Sup-

plementary Table 1). However, the use of contrast media

was still at the interventional radiologist’s discretion.

Imaging Follow-up and Assessment

Imaging assessment was performed independently by two

radiologists with 5 and 13 years of experience, and dis-

crepancies in interpretation were resolved by consensus.

Imaging-based assessment of oncologic outcomes was

carried out independently from collection of clinical and

procedural information (e.g., use of intra-procedural

CECT). The initial post-ablation cross-sectional imaging

assessment was performed within 2–8 weeks after ablation.

Further assessments were performed as standard practice

using CECT, positron emission tomography, or magnetic

resonance imaging until death or loss to follow-up per our

institutional practice [12].

To describe ablation endpoints, standardized terminol-

ogy and reporting criteria were employed [12, 13]. Resid-

ual unablated tumor was defined as tumor foci within or at

the edge of the ablation margin on the first cross-sectional

123

328 I. Paolucci et al.: Use of Contrast Media During CT-guided…



imaging follow-up. LTPFS was defined as the time

between the ablation and the first appearance of tumor

foci within or at the edge of the ablation zone on cross-

sectional imaging follow-up, or the last imaging follow-up.

Clinical Data Collection and Minimum Ablative

Margin Analysis

Baseline characteristics, RAS mutation status, and labora-

tory values (within 45 days prior to ablation) for each

patient were collected from the electronic medical records.

The estimated glomerular filtration rate (eGFR) was col-

lected within 90 days prior to ablation (eGFR before) and

between 20 and 90 days after ablation (eGFR after). Pro-

cedural characteristics (e.g. tumor size, location, immediate

complications) were retrieved from a structured report of

each CT-guided ablation procedure. Tumors were catego-

rized as perivascular if\ 10 mm from a vessel C 3 mm in

diameter and subcapsular if\ 10 mm from the liver cap-

sule. The 3D-MAM was calculated retrospectively using

biomechanical deformable image registration (DIR) soft-

ware [14]. For this analysis, 3D-MAM B 0 mm was

defined as unsuccessful ablation (A2), 3D-MAM[ 0

and\ 5 mm as suboptimal ablation (A1) and 3D-MAM

C 5 mm as optimal ablation (A0) measured by DIR soft-

ware. Details are described in Appendix I.

Statistical Analysis

For binary outcomes, Bayesian logistic regression was used

to estimate effects pre-ablation CECT and tumor diameter

on residual unablated tumor and technical success (A0

ablation). Potential confounders of anatomical location

(i.e., left vs. right lobe, perivascular, subcapsular location,

or operator) were adjusted for. Bayesian Cox proportional

hazards regression was used to estimate effects of tumor

diameter and use of pre-ablation CECT on LTPFS.

Potential confounders of\ 5 mm 3D-MAM and RAS

mutation were controlled for. Right censoring was used

when no event occurred during the follow-up period.

228 Procedures

Included
212 Procedures

311 Ablated CLM
165 Patients

16 Procedures excluded
46 Ablation combined with surgery
36 Ablation combined with TAE/TACE
36 No follow-up information
66 Unclear LTP assessment

With pre-ablation CECT
71 Procedures

114 Ablated CLM
64 Patients

Without pre-ablation CECT
102 Procedures

136 Ablated tumors
92 Patients

39 Procedures excluded
14 No post-ablation CECT
46 Previous loco-regional therapy

Included
173 Procedures

250 Ablated CLM
144 Patients*

228 Procedures

Included
212 Procedures

311 Ablated CLM
165 Patients

Fig. 1 Flowchart of study

population. *Procedures of

patients with multiple ablation

treatments were excluded at

different levels. CECT:

Contrast-enhanced CT, CLM:

Colorectal liver metastases,

LTP: Local tumor progression,

TAE: Transarterial

embolization, TACE:

Transarterial

chemoembolization
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Interaction terms were modeled and visualized with plots

of conditional effects. Both analyses were conducted on a

tumor level with the procedure as random effect to account

for multiple measurements of pre-ablation CECT. Cumu-

lative incidence curves were estimated on a procedure level

and compared using the log-rank test with Bonferroni

correction. Pre-ablation tumor growth was estimated using

linear regression and is described in Supplementary

Material 2.

In the descriptive statistics, Fisher’s exact and Kruskal–

Wallis test were used to compare proportions and contin-

uous baseline characteristics, respectively. Statistical sig-

nificance in the regression analyses was defined as

probability of direction (pd)[ 97.5% and % in region of

practical equivalence (ROPE)\ 5% [15]. High-density

intervals (HDI) were used to report 95% credible intervals

(CI95%). All statistical analyses were performed using R (R

Foundation for Statistical Computing, Vienna, Austria) and

RStudio. Bayesian analysis was performed using the brms

package [16] (v2.16.1) with weakly informative priors

(�Normalð0; 2:5)) [17]. Plots were created using ggplot2

(v3.3.5) and ggpubr (v0.4.0) [18, 19]. The code for the

statistical analysis can be found in the supplementary

materials.

Results

Table 1 shows the procedure-level and tumor-level char-

acteristics of the groups with and without administration of

contrast media in pre-ablation CT. The median time

interval between the last diagnostic CECT and the ablation

procedure (32 days, IQR = [21, 41.5] vs 28 days, IQR =

[18.3, 39.5]: p = 0.4) and the median follow-up time

(20.1 months, IQR = [13.3, 30.0] vs. 24.6 months, IQR =

[15.0, 36.3]; p = 0.072) were not different between

groups. In this cohort, residual tumor and LTP occurred in

10 (4%) and 32 (12.8%) ablated tumors, respectively.

The only significant differences between the procedures

with and without pre-ablation CECT were the proportion of

multiple CLM (p = 0.038) and the tumor locations (bilo-

bar/left lobe vs. right lobe; p = 0.028), which were more

frequent among the procedures where pre-ablation CECT

was acquired. The frequency of pre-ablation CECT

acquisition did not change significantly after the introduc-

tion of the standardized ablation specific CT protocol in

early 2019 (38.6% vs 44.4%; p = 0.4). The proportion of

CLM with\ 5 mm 3D-MAM did not differ between the

ablations with and without pre-ablation CECT(57.3% vs

57.4%; p[ 0.9). There was one operator who performed

50% of the procedures who had a preference for acquiring

pre-ablation CECT compared to the other operators (57%

vs. 25.3%; p\ 0.001) (Table 2). However, there was no

difference in the rate of residual unablated tumor (5.8% vs.

4.6%; p = 0.7), 0 mm 3D-MAM (24.0% vs. 16.9%;

p = 0.3), or\ 5 mm 3D-MAM (69.7% vs. 67.5%;

p = 0.8).

Effect of Pre-ablation CECT on Residual Unablated

Tumor

For residual tumor at the first follow-up, the odds ratio

(OR) with pre-ablation CECT use was 0.22 (CI95% [0.05,

0.86], pd = 98.7%, 0.3% in ROPE) and the OR per cm

increased tumor size was 2.02 (CI95% [1.02, 4.2], pd =

97.1%, 4.7% in ROPE). The full model outputs with all

covariates are available in Supplementary Material 1.

In the interaction model (Fig. 2, top), the ORs per cm

increase in tumor size were 1.0 (CI95% [0.32, 2.71], pd =

50.2%, 28.1% in ROPE) and 2.52 (CI95% [1.15, 5.39],

pd = 98.7%, 0.7% in ROPE) when pre-ablation CECT was

used versus not used, respectively.

Effect of Pre-ablation CECT on LTPFS

There was no significant effect of pre-ablation CECT use

on LPTFS after adjusting for A0 ablation (3D-MAM C 5

mm) and RAS mutation status. In the interaction model, the

hazard ratios for LTPFS per cm increase in tumor size were

2.2 (CI95% [1.05, 5.15], pd = 98.3%, 0.8% in ROPE) and

3.2 (CI95% [1.48, 7.79], pd C 99.9%, B 0.1% in ROPE)

when pre-ablation CECT was used versus not used,

respectively.

There was a significant difference in the cumulative

incidence of LTP in the subgroup without pre-ablation

CECT between A1/A2 (3D-MAM\ 5 mm) versus A0

ablation (3D-MAM C 5 mm) (p\ 0.001) (Fig. 3, left).

Further, there was a significant difference in the cumulative

incidence of LTP in the subgroup without pre-ablation

CECT between C 2 cm and\ 2 cm tumor size

(p = 0.028) (Fig. 3, right). The full model outputs with all

covariates are available in Supplementary Material 1.

Effect of Pre-ablation CECT on 3D-MAM

The OR for A2 ablation (3D-MAM B 0 mm) was 0.42

(CI95% [0.13, 1.22], pd = 95.1%, 3.8% in ROPE) with pre-

ablation CECT use and 2.41 (CI95% [1.28, 89], pd =

99.7%, B 0.1% in ROPE) per cm increase in tumor size.

In the interaction model (Fig. 2, middle), the ORs for A2

ablation per cm increase in tumor size were 1.81 (CI95%
[0.89, 3.56], pd[ 95.9%, 5.4% in ROPE) and 3.12 (CI95%
[1.62, 7.81], pd[ 99.9%,\ 0.1% in ROPE) with versus

without pre-ablation CECT use, respectively.

Relevantly, there were no significant effects of pre-ab-

lation CECT on the ability of achieving an A0 ablation
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Table 1 Characteristics per procedure and per tumor

Per Procedure

Characteristic Overall, N = 1731 No CECT, N = 1021 CECT, N = 711 p-value2

[ 1 ablated CLM 66 (38%) 32 (31%) 34 (48%) 0.038

Max tumor size (cm) 1.40 [1.00, 2.00] 1.40 [1.00, 1.88] 1.40 [1.00, 2.00] 0.9

Bilobar or left-sided 72 (42%) 35 (34%) 37 (52%) 0.028

Time last CECT to ablation 30.0 [20.00, 41.0] 28.0 [18.25, 39.5] 32.0 [21.00, 41.5] 0.4

Follow-up time 23.0 [14.08, 33.0] 24.6 [15.02, 36.2] 20.1 [13.26, 29.9] 0.072

Ablation modality 0.12

MWA 166 (96%) 100 (98%) 66 (93%)

RFA 7 (4.0%) 2 (2.0%) 5 (7.0%)

Residual disease 9 (5.2%) 8 (7.8%) 1 (1.4%) 0.084

LTP 28 (16%) 18 (18%) 10 (14%) 0.7

CEA 4 [2, 7] 3 [2, 6] 4 [2,11] 0.085

N/A 31 20 11

NLR 2.45 [1.63, 3.77] 2.48 [1.62, 3.69] 2.42 [1.69, 4.16] [ 0.9

N/A 1 1 0

Extrahepatic metastasis 117 (68%) 67 (66%) 50 (70%) 0.6

N/A 1 1 0

Lines of pre-ablation chemotherapy 0.3

0 51 (29%) 30 (29%) 21 (30%)

1 66 (38%) 40 (39%) 26 (37%)

2 48 (28%) 30 (29%) 18 (25%)

3 8 (4.6%) 2 (2.0%) 6 (8.5%)

Modified Clinical Risk Score 0.2

Low 67 (39%) 42 (41%) 25 (35%)

High 2 (1.2%) 0 (0%) 2 (2.8%)

Intermediate 104 (60%) 60 (59%) 44 (62%)

RAS mutated 0.6

Wild type 85 (51%) 51 (53%) 34 (49%)

Mutated 82 (49%) 46 (47%) 36 (51%)

N/A 6 5 1

Radiation dose (DLP) 5,205 [3,733, 7,050] 4,808 [3,517, 7,095] 5,376 [4,292, 6,921] 0.4

Contrast dose (mL) 184 [125, 200] 150 [100, 200] 200 [180, 200] \ 0.001

N/A 19 15 4

Pre-ablation eGFR\ 60 9 (5.3%) 8 (8.0%) 1 (1.4%) 0.084

N/A 4 2 2

Post-ablation eGFR\ 60 14 (9.2%) 12 (14%) 2 (3.1%) 0.044

N/A 21 14 7

eGFR dropped3 7 (4.6%) 6 (6.7%) 1 (1.6%) 0.2

N/A 20 13 7

Ablated before 2019 101 (58%) 62 (61%) 39 (55%) 0.5

Performed by Main OP4 86 (50%) 37 (36%) 49 (69%) \ 0.001

Per tumor

Characteristic Overall, N = 2501 No CECT, N = 1361 CECT, N = 1141 p-value2

Tumor size (cm) 1.10 [0.90, 1.70] 1.20 [1.00, 1.63] 1.10 [0.83, 1.70] 0.5

Tumor size\ 2 cm 202 (80.8%) 111 (81.6%) 91 (79.8%) 0.7

Proximity to major vessel 65 (26.0%) 36 (26.5%) 29 (25.4%) 0.9

Subcapsular 120 (48.0%) 68 (50.0%) 52 (45.6%) 0.5
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(C 5 mm 3D-MAM) (Fig. 2, bottom). The full model

outputs with all covariates are available in Supplementary

Material 1.

Immediate Complications and Effect on Kidney

Function

The overall complication rates were 5.6 and 4.9% in the

procedures with and without pre-ablation CECT, respec-

tively. No immediate contrast media-related complications

were reported. Further, eGFR levels dropped from[ 60

mL/min/1.73 m2 to\ 60 mL/min/1.73 m2 in 6 patients

after a procedure without pre-ablation CECT and in 1

patient after a procedure with pre-ablation CECT (Table 1).

Discussion

This study shows the benefit of the intravenous adminis-

tration of contrast media in pre-ablation CT during percu-

taneous CT-guided ablation of CLM. From a risk/benefit

standpoint, administering contrast media in pre-ablation

CT seems justified as it was associated with a 78% relative

and a 5.7% absolute risk reduction of residual unablated

tumor at the first imaging follow-up. Additionally, the

Table 1 continued

Per tumor

Characteristic Overall, N = 2501 No CECT, N = 1361 CECT, N = 1141 p-value2

Left liver side 86 (34.4%) 37 (27.2%) 49 (43.0%) 0.011

MAM 0.069

0 34 (13.6%) 21 (15.4%) 13 (11.4%)

0–5 95 (38.0%) 46 (33.8%) 49 (43.0%)

C 5 96 (38.4%) 50 (36.8%) 46 (40.4%)

N/A 25 (10.0%) 19 (14.0%) 6 (5.3%)

B 5 mm MAM 129 (57.3%) 67 (57.3%) 62 (57.4%) [ 0.9

N/A 25 19 6

Residual unablated tumor 10 (4.0%) 9 (6.6%) 1 (0.9%) 0.024

LTP 32 (12.8%) 19 (14.0%) 13 (11.4%) 0.6

1n (%); Median [IQR]
2Fisher’s exact test; Wilcoxon rank sum test
3From[ 60 mL/min/1.73 m2 before ablation to\ 60 mL/min/1.73 m2 after ablation

IQR Interquartile range, DLP Dose-length product, eGFR Estimated glomerular filtration rate in mL/min/1.73 m2 grouped according to ACR

guidelines [20], mCRS modified Clinical risk score, MWA Microwave ablation, N/A Not available, NLR Neutrophil-to-lymphocyte ratio, RFA
Radiofrequency ablation
4Main operator who performed 50% of the CLM ablation during this period

Table 2 Outcomes and operator preference depending on main operator (50%) of cases versus others (8 interventional radiologists)

Characteristic Overall, N = 1731 Other operators, N = 871 Main operator, N = 861 p-value2

Pre-ablation CECT 71.0 (41.0%) 22.0 (25.3%) 49.0 (57.0%) \ 0.001

Residual unablated tumor 9.0 (5.2%) 4.0 (4.6%) 5.0 (5.8%) 0.7

Local tumor progression 37.0 (21.4%) 18.0 (20.7%) 19.0 (22.1%) 0.9

MAM\ 5mm3 108.0 (68.4%) 56.0 (67.5%) 52.0 (69.3%) 0.9

N/A 15 4 11

MAM = 0mm3 32.0 (20.3%) 14.0 (16.9%) 18.0 (24.0%) 0.3

N/A 15 4 11

1n (%)
2Fisher’s exact test
3Any of the ablated CLM
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inherent increased risk of residual tumor associated with

larger CLM was eliminated by the use of contrast media in

pre-ablation CT (OR 1.0 vs. 2.52 per cm increase in tumor

size with vs. without pre-ablation CECT, respectively).

This effect is mainly driven by similarly 58% decreased

odds of having A2 ablation (3D-MAM = 0 mm) as mea-

sured by DIR software and potentially increased tumor size

since the last diagnostic imaging (Fig. 4, Supplementary

Fig. 1). Both highlight the importance of administrating

contrast media in pre-ablation CT for proper tumor size

depiction and adequate procedure planning. Looking

beyond the first imaging follow-up, our analysis showed

that the pre-ablation CECT did not have a significant effect

on LTPFS after controlling for A0 ablation (3D-MAM

C 5 mm). This underscores the importance of ablation

confirmation software to improve 3D-MAM and, poten-

tially, reduce long-term LTP rates. To date, such potential

benefit of ablation confirmation software has only been

shown in retrospective series [21, 22].

The incidence of complications was not significantly

different among the groups with and without use of con-

trast media in pre-ablation CT (5.6% and 4.9%, respec-

tively; p[ 0.9), and the observed complications were not

caused by the additional CECT scan or contrast media

dose. Most importantly, our longitudinal study of eGFR did

not demonstrate significant changes in overall renal func-

tion in either patient cohort.

This study has limitations arising from its retrospective

nature. The choice of whether to acquire pre-ablation

CECT scans immediately before the ablation was made by

the performing interventional radiologist. Based on the

available data, it seems that pre-ablation CECT was

acquired for potentially more challenging procedures (e.g.,

patients with multiple or left-sided/bilobar CLM). Further,

it could be that pre-ablation CECT acquisition was asso-

ciated with more extensive procedure planning, which led

to better short-term outcomes. In this case, the causal effect

would be due to improved planning rather than the CECT

alone, which we cannot assess retrospectively. During the

follow-up period, different imaging modalities were used

which have different sensitivity for detection of progres-

sive disease. However, the primary endpoint of residual

disease is most likely accurately captured with any of those

imaging modalities. Further, the effect of intra-procedural

post-ablation CECT could not be analyzed since this was

done in almost all cases during the study period. Such an

analysis would allow us to evaluate when contrast media

administration would be more beneficial in patients who

can only tolerate a limited dose. However, based on the

analysis of eGFR, only a small proportion of patients could

not receive contrast media due to limited renal function.

In conclusion, pre-ablation CECT led to improved

immediate local tumor control by significantly reducing the

rates of residual tumor. Based on our findings, we recom-

mend performing baseline intra-procedural pre-ablation

CECT as a standard procedure. The lack of effect of con-

trast media use on pre-ablation CT on LTPFS might be a

consequence of its use not being able to increase 3D-

MAMs to C 5 mm, for which ablation confirmation soft-

ware packages are required for accurate quantitative eval-

uation, which is being currently evaluated by ongoing

clinical trials [23].
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Fig. 3 Cumulative incidence of local tumor progression according to pre-ablation CECT use and 3D-MAM (left) and pre-ablation CECT use and

tumor size (right). *Some cases are excluded in the left figure due to missing 3D-MAM

Fig. 4 A 68 old male with

colorectal liver metastasis,

received a contrast-enhanced

CT 50 days before the ablation

procedure ablation where the

tumor (arrowhead) measured

17 mm (A). Immediately prior

to the ablation the patient

received a non-contrast CT

(B) where the tumor was not

clearly visible and a contrast-

enhanced CT with the tumor

measured 29 mm (C). The post-
ablation contrast-enhanced CT

shows complete coverage of the

tumor (D)
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Appendix

To calculate the 3-dimensional minimum ablative margin

(3D-MAM) retrospectively, the last diagnostic CECT

image preceding the ablation procedure and, if available,

the intra-procedural pre-ablation and post-ablation CECT

images were sent to an image processing software (RayS-

tation 10B, RaySearch Laboratories, Sweden). The liver,

tumor, and ablation zone were segmented using a custom-

built artificial intelligence segmentation algorithm [24] and

reviewed and corrected by a trained engineer (IP) and a

radiologist (YML). The images were registered using

biomechanical deformable image registration (DIR). The

3D-MAM was calculated as the closest Euclidean distance

between the ablation and the mapped tumor contour [14].

For this analysis 3D-MAM = 0 mm was defined as

unsuccessful ablation (A2), 3D-MAM[ 0 and\ 5 mm as

suboptimal ablation (A1) and 3D-MAM C 5 mm as opti-

mal ablation (A0) measured by DIR software.

Supplementary Information The online version contains

supplementary material available at https://doi.org/10.1007/s00270-

022-03333-6.
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