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Purpose:  To further define anatomic criteria for resection and ablation using an expert panel-based three-dimensional liver model to objectively predict

local treatment recommendations for colorectal liver metastases (CRLM).

Materials and Methods:  This scudy analyzed data from participants with small CRLM (<3 cm) considered suitable for resection, thermal ablation, or
irreversible electroporation (IRE), according to a multidisciplinary expert panel, who were included in two prospective multicenter trials (COLLISION
[NCT03088150] and COLDFIRE-2 [NCT02082782]) between August 2017 and June 2022. Ten randomly selected participants were used to standardize
the model’s Couinaud segments. CRLM coordinates were measured and plotted in the model as color-coded lesions according to the treatment recommen-
dations. Statistical validation was achieved through leave-one-out cross-validation.

Results: A total of 611 CRLM in 202 participants (mean age, 63 [range, 29—87] years; 138 male and 64 female) were included. Superficially located
CRLM were considered suitable for resection, whereas more deep-seated CRLM were preferably ablated, with the transition zone at a subsurface depth of 3
cm. Ninety-three percent (25 of 27) of perihilar CRLM treated with IRE were at least partially located within 1 cm from the portal triad. Use of the model

correctly predicted the preferred treatment in 313 of 424 CRLM (73.8%).

Conclusion:  The results suggest that CRLM can be defined as superficial (preferably resected) and deep-seated (preferably ablated) if the tumor center is
within versus beyond 3 cm from the liver surface, respectively, and as perihilar if the tumor margins extend to within 1 cm from the portal triad.

Supplemental material is available for this article.

©RSNA, 2024

he 2020 global cancer burden status report estimated more
Tthan 1.9 million new cases of colorectal cancer and 935000
deaths, making colorectal cancer the second leading cause of
cancer-related death worldwide (1-3). Roughly half of pa-
tients with colorectal cancer develop colorectal liver metastases
(CRLM) (4-6), yet only a minority (10%-15%) can under-
go curative-intent partial hepatectomy (7,8). Widely adopted
alternative treatment options include heat-based thermal abla-
tion techniques, such as radiofrequency ablation and microwave
ablation, and non—heat-based techniques, such as irreversible
electroporation (IRE), stereotactic ablative radiation therapy,
histotripsy, high-intensity focused ultrasound, and percutane-
ous ethanol injection (9-13).

In previously published systematic reviews and meta-analy-
ses, partial hepatectomy was considered superior to ablation in
terms of overall survival, and, as a result, most national consen-
sus guidelines state that thermal ablation should be reserved for
unresectable disease (14-18). For patients with an uncompro-
mised general health status, the decision to appoint CRLM as

anatomically resectable depends predominantly on its distance
from the surface, hepatic veins, and portal triad. This decision
is likely influenced by the fact that thermal ablation offers a safe
alternative for smaller and, especially, deep-seated CRLM that
would otherwise require technically demanding surgery with un-
acceptable loss of healthy liver parenchyma.

The safety boundaries for resection are determined by both
the volume and function of the future liver remnant; major hepa-
tectomy without adequate functional liver remnant increases the
risk of posthepatectomy liver failure (19,20). Although most su-
perficial and deep-seated CRLM seem to be suitable for thermal
ablation, close proximity to the hepatic hilum is an absolute con-
traindication because of the risk of biliary tract injury (21). For
unresectable perihilar CRLM, nonthermal ablation techniques,
such as stereotactic ablative radiation therapy and IRE, can be of-
fered, with IRE gaining ground since the publication of the pos-
itive results from the COLDFIRE-2 (Colorectal Liver Metastatic
Disease: Efficacy of Irreversible Electroporation-A Single-arm

Phase II Clinical Trial) trial (22-25).
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Abbreviations

CRLM = colorectal liver metastases, IRE = irreversible electropora-
tion, IVC = inferior vena cava, ROC = receiver operating character-
istic, 3D = three-dimensional

Summary

A mathematical three-dimensional treatment prediction model, devel-
oped through the input of a multidisciplinary expert panel, performed
well in categorizing treatment options for small (<3 cm) colorectal
liver metastases based on their anatomic location.

Key Points

= In a study of 202 participants with 611 colorectal liver metastases
(CRLM), the calculated transition zone between preferably resected
superficial CRLM and preferably ablated deep-seated CRLM was 3
cm from the liver surface.

= Ninety-three percent of CRLM for which irreversible electropora-
tion was preferred were at least partially located within 1 cm from
the portal triad.

» Use of the three-dimensional liver model accurately predicted the
preferred treatment in 73.8% (313 of 424) of small CRLM.

Keywords

Ablation Techniques, CT, MRI, Liver, Abdomen/GI, Metastases,
Oncology

‘The multidisciplinary COLLISION (Colorectal Liver Metas-
tases: Surgery vs Thermal Ablation) trial group has previously con-
structed per-patient and per-tumor tree-based consensus criteria
(4,25). This group formulated recommendations on the basis of
available evidence and a Delphi consensus protocol, after which
they proposed a treatment algorithm with combined resection
and ablation criteria for the treatment of CRLM (25,26). In the
absence of widely accepted definitions, however, the treatment
strategy chosen is variable and operator dependent, leading to
widespread debate. Objective criteria to select the most suitable
treatment option are relevant to structure tumor board decisions,
to accurately define specific indications for future clinical research
and to enhance intersociety discussions.

The purpose of this study was to further define and validate
anatomic resection and ablation criteria for small (<3 cm) CRLM
using a mathematical three-dimensional (3D) liver model based
on expert panel recommendations from two multicenter prospec-
tive trials, COLLISION (4) and COLDFIRE-2 (24,27), assess-
ing eligibility for resection, thermal ablation, and nonthermal
ablation for every individual tumor presented.

Materials and Methods

Study Design and Sample
Data from individuals with small liver-only CRLM (<3 cm)

were obtained from databases of two multicenter prospective
clinical trials: COLLISION and COLDFIRE-2. The ongoing
international phase III randomized controlled COLLISION
trial (registered at clinicaltrials.gov as NCT03088150) (4) is
comparing thermal ablation with surgical resection for small
CRLM; the two-center phase IIb prospective clinical COLD-
FIRE-2 trial (registered at clinicaltrials.gov as NCT02082782)
(24,27) investigated IRE for tumors anatomically not amenable
for surgical resection or thermal ablation. Both study protocols
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have been approved by the medical ethical review boards of
the Amsterdam University Medical Centers. The study designs
and inclusion and exclusion criteria were previously published
(4,27). By signing informed consent, participants granted per-
mission to exchange and use their data.

Expert Panel and Participant Selection

Potential participants were initially reviewed by local multidis-
ciplinary tumor boards before being assessed by a multidisci-
plinary expert panel, which consisted of representatives from
15 high-volume hepatobiliary cancer centers across three coun-
tries—the Netherlands, Belgium, and Italy—each performing
at least 100 liver resections and/or ablations annually. The ex-
pert panel included 20 hepatobiliary surgeons, 20 interven-
tional radiologists, one radiation oncologist, and one medical
oncologist, each with a minimum of 5 years of professional ex-
perience in their respective fields. The panel received concise
information, using the secured SIILO end-to-end encryption
messaging application (28), regarding patients’ medical his-
tory, comorbidities, performance status, and treatment plan
proposed by the local center. In addition, a short video of the
diagnostic examinations, as shown in the picture archiving and
communication system, was shared; this video included an au-
dio recording by the treating physician focusing on the tumor’s
location. This allowed the panel to review the patient’s informa-
tion and proposed treatment plan concisely and provide imme-
diate feedback through the secured platform (SIILO; Doctolib).
In case of a challenging anatomic location of CRLM or complex
liver anatomic features, the provision to transmit images via the
picture archiving and communication system was offered.

Surgeons were asked whether individual CRLM were consid-
ered technically eligible for resection, and interventional radiol-
ogists were asked whether they considered the lesions technically
eligible for thermal ablation or IRE. Consensus was reached
when two independent interventional radiologists and two sur-
geons agreed on the technical eligibility and feasibility of the local
treatment plan. Although the COLLISION trial is challenging
this, resection was considered standard of care (25). Individuals
with anatomically unresectable CRLM were preferably treated
with thermal ablation. Furthermore, thermal ablation was rou-
tinely proposed to avoid major hepatectomy in deep-seated
CRLM. IRE was considered for individuals with lesions that were
unsuitable for both resection and thermal ablation. Both studies
allowed the presence of concomitant CRLM greater than 3 cm as
long as these larger lesions were considered resectable.

All individuals assessed by the panel were included in this
study, regardless of the final local therapy received, including
those who withdrew from study participation before randomiza-
tion or before treatment because of extensive disease elsewhere.
Individuals with aberrant anatomic features of the concerned
liver segment, including variations or anomalies of hepatic veins,
arteries, and bile ducts, and individuals from COLDFIRE-2 with
a tumor size greater than 3 cm and a history of major hepatec-
tomy or altered vascular anatomy were excluded. Twenty-seven of
the 202 participants included in this study have been previously
described in the COLDFIRE-2 report (24).

The panel’s assessments resulted in three anatomy-based cate-
gories: tumors that, according to current standard of care, should
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COLDFIRE-2
n=51

COLLISION
n=274

3 r

Initial cohort identified from
the trial databases
n=325

Participants excluded (total)
n=123

- Current aberrant liver anatomy (n = 9)
- Inadequate or unavailable CT or MRI-
scans (n = 90)

- History of major hepatectomy or
altered vascular anatomy (n = 18)

- Tumor size >3 cm (n = 6)

r

Included participants (total)
n=202

r

Total number of CRLM
n=611

Figure 1:  Flowchart of the study participant selection procedure. CRLM = col-
orectal liver metastases.

be resected (type I), tumors that should be thermally ablated
(type II), and tumors that should be nonthermally ablated (type
III). There were also five subcategories: resectable and not ablat-
able (type la: resect), resectable and ablatable (type Ib: resect),
resectable and ablatable (type Ila: ablate), unresectable and ablat-
able (type 1Ib: ablate), and if resection and thermal ablation are
not an option, prefer IRE (type IIla: IRE).

Standardized 3D Liver Model

To create the 3D liver model, a randomization tool was used
to select 10 livers from both trial imaging databases. A stan-
dardized liver model was subsequently constructed from com-
posed pie chart slices representing the eight Couinaud segments
(29). The adjacent inferior vena cava (IVC) wall represents the
point-of-the-pie for segments I to VIIL. The parameters used
for model construction include the cross-sectional radius (r) of
the segment, angle (), and maximum height (h) perpendicular
to the axial plane and width of the base. Measurements and
construction of the liver model were performed in collaboration
with an experienced interventional radiologist (M.R.M.) and a
medical physics expert (H. Keijzers), each with more than 10
years of experience in their respective field. MATLAB, version
9.3.0.713579 (R2017b; MathWorks) was used for model con-
struction. Data of the parameters used in the standardized 3D
liver model are shown in Table S1, and MATLAB scripts along
with detailed explanations are given in Appendix S1.

CRLM Coordinates

CRLM sizes were noted. Center coordinates were measured
and color-coded according to the panel’s suggested treatment
(red represented resectable and ablatable, blue represented un-
resectable and ablatable, and green represented unresectable
and unsuitable for thermal ablation) and then plotted in the
appropriate segments of the standardized 3D liver model using
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various MATLAB scripts. The following parameters were used

to determine the relative virtual position of the tumor in the

standardized liver: height (h . =[h ]xh ),
(ul“or'[op Segmen[

radius (r_, ),and angle (0, =[x /x]xa .
crl segment K crlm 172 R segment

Here, r, and r, represent the distances from the tumor’s center

crlm tumor-bottom’

L=l /r]xr
to the IVC and to the liver surface, respectively. The perpendic-
ular distances from the tumor’s center to the segment’s dorsal
and ventral border are represented as x1 and x2, respectively.
Figure S1 displays the three measurements.

Statistical Analysis

Participant baseline and tumor characteristics were obtained
from the trial databases and are presented using descriptive
statistics. Categorical variables are presented as frequencies
and continuous variables as means (+ SDs) or as medians with
ranges. Statistical analyses were performed using SPSS software,
version 28.0.1.0 (IBM).

To define the depth of the resection-to-ablation transition
zone, the number of treated CRLM (y-axis) was plotted against
the measured subsurface tumor depth (ie, coordinate r, [x-axis])
for preferably resected versus preferably ablated (thermal and
nonthermal) CRLM using Excel 2016 (KB4011684) 64-bit edi-
tion (Microsoft). Because the liver is anatomically structured into
eight segments with several approaches to access the liver surface,
affecting the choice of local therapy, the transition zone was also
defined for the left and right hemiliver (30,31). To further define
perihilar tumor localization for which nonthermal ablation (IRE)
is eligible, the CRLM coordinates in segments IVa/b, V, and VIII
were evaluated.

The area under the receiver operating characteristic (ROC)
curve was used to assess the performance of subsurface tumor
depth (ie, coordinate r,) in indicating the preferred treatment
method (dichotomized as resection [type 1] vs ablation [types 11
and III]).

The 3D liver prediction model was statistically validated by
means of a leave-one-out cross-validation using various MAT-
LAB scripts, which are provided in Appendix S1. Results were
summed in a confusion matrix, which was used to calculate sensi-
tivity, specificity, positive predictive value, and negative predictive
value. Plotting new CRLM in the 3D liver model entails measur-
ing tumor diameters and center coordinates and then entering
these data into the designated software (NIfTT file). The software
automatically plots the tumor in the model, with the color of the
sphere indicating the treatment preference.

Results

Participant, Disease, and Treatment Characteristics

Figure 1 provides an overview of participant selection in this
study. From August 2017 to June 2022, a total of 325 partici-
pants from COLLISION (n = 274) or COLDFIRE-2 (n = 51)
were considered potentially eligible for inclusion in this study
and were screened by the appointed expert panel. Of these 325
participants, 202 (62.2%) were included; 123 (37.8%) were
excluded because of aberrant liver anatomic features, most
commonly involving variations of the hepatic artery (z = 9),
or because the shared cross-sectional source images were in-
compatible with the designated software program, rendering
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Table 1: Participant and Disease Characteristics
Baseline Characteristic Value
Participants 202
Sex
Male 138 (68.3)
Female 64 (31.7)
Median age (range) (y) 63 (29-87)
ASA score
1 12 (5.94)
2 134 (66.3)
3 52 (25.7)
4 1 (0.50)
Primary tumor origin
Right-sided colon 60 (29.7)
Left-sided colon 74 (36.6)
Rectum 68 (33.7)
Primary tumor status (pT)
TO 0 (0.00)
T1 8 (3.96)
T2 25 (12.4)
T3 132 (65.3)
T4 30 (14.9)
Unknown 7 (3.47)
Nodal status (pN)
NO 66 (32.7)
N1 84 (41.6)
N2 48 (23.8)
Unknown 4 (1.98)
Fong clinical risk score
Low (0-2) 122 (60.4)
High (3-5) 80 (39.6)
Metastases
Synchronous 117 (57.9)
Metachronous 82 (40.6)
Unknown 3 (1.49)
Neoadjuvant or downstaging systemic
therapy*
No 142 (70.3)
Yes 60 (39.7)
Note.—Unless otherwise noted, values are numbers of partici-
pants, with percentages in parentheses. ASA = American Society
of Anesthesiologists.
* Adjuvant chemotherapy following resection of the primary
tumor not included.

accurate tumor coordinate measurements infeasible (7 = 90).
Furthermore, participants from COLDFIRE-2 were excluded
because of a history of major hepatectomy or altered vascular
anatomy of the concerned liver segment (7 = 18) or tumor size
greater than 3 cm (7 = 6). Altogether, 202 participants (mean
age, 63 [range, 29-87] years; 138 male and 64 female) with 611
CRLM were included in this study.

An overview of participant and disease characteristics is shown
in Table 1. The median number of CRLM per participant was
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Table 2: Tumor and Procedure-related Characteristics in
the 202 Study Participants
Tumor Characteristic (z = 611 CRLM) Value
No. of small CRLM per participant
1 81 (40.1)
2 40 (19.8)
3 27 (13.4)
4 14 (6.93)
5 16 (7.92)
6 5 (2.48)
7 8 (3.96)
8 1 (0.50)
9 2 (0.99)
10 5 (2.48)
>10 3 (1.49)
Median tumor diameter (range) (cm) 1.3 (0.3-3.0)
Location of CRLM (Couinaud classification)
Segment I 11 (1.80)
Segment 11 57 (9.33)
Segment I1I 33 (5.40)
Segment [Va 52 (8.51)
Segment IVb 33 (5.40)
Segment V 84 (13.7)
Segment VI 93 (15.2)
Segment VII 108 (17.7)
Segment VIII 142 (23.2)
Procedure
Surgical resection 206 (33.7)
Thermal ablation 340 (55.6)
IRE 27 (4.42)
No local treatment 32 (5.24)
Unknown 6(0.98)
Note.—Unless otherwise noted, values are numbers of partic-
ipants or tumors, with percentages in parentheses. CRLM =
colorectal liver metastases, IRE = irreversible electroporation.

two (range, one to 13), with tumor sizes ranging from 0.3 to 3
cm in diameter (median, 1.3 cm). Of the 611 total CRLM, 206
(33.7%) were treated with resection, 340 (55.6%) with thermal
ablation, and 27 (4.00%) with IRE. No local procedure was per-
formed in 32 tumors (5.24%), and the treatment was unknown
in six tumors (0.98%). Additional tumor- and procedure-related
characteristics are summarized in Table 2.

Expert Panel and Intraprocedural Assessments

In 82.0% (7 = 501) of the individual tumor assessments, the fi-
nal advice of the expert panel concurred with the intraprocedural
assessment and eventual treatment. The treatment plan changed
in 18.0% (n = 110) of the 611 total tumors for the following
reasons: unresectable because of a certain (unforeseen) difficult
anatomic location (5.72%; 7 = 35); unresectable because of de-
tection of multiple scattered lesions that would require major
resection (0.98%; n = 6); and not ablatable because of tumor
growth (>3 cm) (2.29%; 7 = 14) or the detection of additional
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Type |
Resection

Typell
Thermal ablation

Type lll
Non-thermal ablation

la: Unablatable,
suitable for
resection
Expert panel assessment n=3

Intra-procedural assessment™® n=3

llla: Unresectable and
unablatable, consider

lla: Resectable and
ablatable, preference for

thermal ablation IRE
n=24 n=27
n=25 n=27

Ib: Resectable and
ablatable,
preference for

resection
Expert panel assessment n =420
Intra-procedural assessment™® n=2385

**llb: Unresectable and
unablatable, consider

lIb: Unresectable,
suitable for thermal

ablation SABR
n=137 n=0
n=171 n=0

Figure 2: Classification system for colorectal liver metastases (CRLM) based on preferred local freatment. Corresponding numbers of CRLM in this study

are reported as “n". *Additional and previously unknown CRLM detected during local treatment were not included in the analysis, although treatment plan

modifications caused by these concomitant lesions were reported. **The absence of CRLM in the category where stereotactic ablative radiotherapy (SABR)
was preferred is the result of including participants from two prospective trials that did not assess SABR. IRE = irreversible electroporation.

CRLM in the same lobe or site, favoring all-in-one resection
(2.78%; n = 17). In the other cases, participants were eventually
considered not a candidate for local treatment because of disease
progression (4.26%; 7 = 26) or because the lesion was not a
metastasis or was no longer visible after chemotherapy (0.98%;
n = 6). Data from the intraprocedural assessment were missing
in 0.98% (7 = 6). Figure 2 outlines the numbers per preferred
local treatment category based on the panel’s assessment and
based on the intraprocedural findings.

In Figure 3, the subsurface depth (range, 0.2-11.0 cm) of the
tumor’s center was plotted against the number of tumors where the
panel recommended resection or ablation (thermal and nonther-
mal). The calculated transition zone between preferably resected
(type I) and preferably ablated (type II or III) tumors was 3.1-3.5
cm from the liver surface. In other words, small CRLM can be
categorized as having a superficial location if their center is within
3 cm from the liver surface and as having a deep-seated location if
the center is located more than 3 cm from the surface. Figure 3 also
depicts the results for the left and right hemiliver. Figure 4 shows
the ROC curve for performance of subsurface tumor depth in in-
dicating the preferred treatment. The area under the ROC was 0.84
(95% CI: 0.81, 0.87), indicating a good overall predictive perfor-
mance. According to coordinate analysis of perihilar tumors (type
I1I), 25 of 27 (93%) CRLM treated with IRE were at least partially
positioned within 1 cm of the portal triad.

3D Liver Treatment Prediction Model for Small CRLM

The 3D prediction model for the preferred local treatment of
small CRLM with plotted color-coded CRLM is depicted in
Figure 5. To generate a confusion matrix, type II and III were
combined to reflect the separation of assessments between re-
section and ablation. The sensitivity and specificity were 81.2%
(315 of 388) and 50.2% (112 of 223), respectively. According
to the confusion matrix, the positive predictive value was 73.8%
(313 of 424 CRLM). MATLAB depictions of the 3D model,
including respective tumor sizes and perspectives from various
angles, are also shown in Figure 5.
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Discussion

This article details the creation and validation of a 3D liver model,
developed through expert panel input within a multidisciplinary
tumor board, to categorize treatment decisions for small (<3 cm)
CRLM based on anatomic location. The objective was to clarify
the definitions of superficial, deep-seated, and perihilar CRLM
and to semiautomatically determine the ideal treatment ap-
proach: resection, thermal ablation, or nonthermal ablation. The
study demonstrates that superficial CRLM (type I), classically
treated with resection, are characterized by a tumor center within
3 cm of the liver surface. Conversely, for deep-seated tumors (type
II), which are more than 3 cm beneath the liver surface, ablation
is usually favored. Perihilar tumors (type III), with margins less
than 1 cm from the portal triad, are not eligible for thermal abla-
tion. However, if they cannot be resected, they might qualify for
IRE. Use of the 3D liver model accurately predicted the preferred
treatment in 73.8% of small CRLM.

Because the resectable and nonablatable category (type Ia)
comprises only three tumors, the model’s red zone largely sig-
nifies resectable and ablatable CRLM (type Ib). For this latter
category (type Ib), which makes up 68.7% of all small CRLM,
partial hepatectomy is now under review against thermal abla-
tion in the ongoing COLLISION (NCT03088150), the NEW-
COMET (Ablation vs Resection of Colorectal Cancer Liver
Metastases; NCT05129787), and the HELARC (Comparison
of Hepatectomy and Local Ablation for Resectable Synchronous
and Metachronous Colorectal Liver Metastasis; NCT02886104)
trials. This study’s lower specificity (50.2%) was predominantly
the result of overlap regarding the preferred treatment option
for deep-seated tumors. It illustrates that the choice between re-
section and ablation for these tumors is multifactorial and not
solely based on subsurface depth and distance to blood vessels.
However, the model showed high sensitivity in classifying CRLM
as type I, where resection was predominantly advised. For future
studies, iterative learning of convolutional neural networks could
be used to improve specificity and, subsequently, achieve a higher
positive predictive value.
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Figure 4: Receiver operating characteristic (ROC) curve for performance of

subsurface tumor depth in indicating the preferred treatment (resection vs ablation).
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Figure 3: Distance from tumor to the free liver surface per treatment: (A) total
liver, (B) left hemiliver, and (€) right hemiliver. CRLM = colorectal liver mefastases.
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Aside from the COLLISION group’s consensus-based treat-
ment algorithm (25), no other previously reported study investiga-
tors proposed combined resection and ablation criteria for CRLM.
In addition to this subjective algorithm, the current study provides
a more objective and detailed classification of a tumor’s specific
location within the liver, guiding discussions on the preferred lo-
cal treatment. As represented by the ROC analysis, tumor depth
performed well in indicating which method may be preferred by
a panel of experts. Further investigation into such matters as treat-
ment success and complications are warranted in future research to
validate the model against more objective criteria.

Most deep-seated tumors in the left hemiliver were evaluated
as resectable, indicating that the transition zone is deeply located
within this hemiliver. This is most likely explained by the fact that
the lateral section (segments II, III) is easily accessible because of
the falciform ligament and umbilical fissure, allowing for a rela-
tively simple resection with low risk of vascular or biliary injury
(31,32). The transition zone for the right hemiliver was set as sub-
stantially more superficial. This is mostly owing to segments VII
and VIII, which contained the highest number of CRLM, many
of which were unresectable. Because of anatomic factors, such as
the subdiaphragmatic location, the deeply situated Glissonean
pedicle, and its intimate contact with the IVC and the right and
middle hepatic veins, segment VIII resection is considered more
difficult (33).

This study had several limitations. First and foremost, because
most participants were recruited from COLLISION,; its inclusion
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Figure 5:

(A) Three-dimensional (3D) liver treatment prediction model for small colorectal liver metastases (red: prefer resection; blue: prefer

thermal ablation; green: prefer nonthermal ablation). (B) Top, (€) bottom, and (D) frontal views of the model. IRE = irreversible electroporation.

and exclusion criteria may have caused confounding by indica-
tion, as at least one CRLM eligible for both resection and ther-
mal ablation (type Ib lesion) needed to be present in the study.
However, because this lesion type is the most common in clinical
practice (it covers the largest volume of the liver), the effect of
this bias seems unlikely to be significant. Another shortcoming of
the study’s inclusion criteria is that the model is primarily appli-
cable to relatively healthy individuals who have not been heavily
pretreated and have limited disease burden restricted to the liver.
Furthermore, only metastases smaller than 3 cm were assessed in
this study. The model is not intended for larger tumors because
these lesions are preferably resected and can be superficial or deep-
seated. In addition, the model is less suited for individuals with
multiple tumors. For example, for tumors scattered throughout
the liver, operators may favor ablation to spare healthy liver pa-
renchyma, whereas for tumors aggregated in a single lobe, opera-
tors may prefer hemihepatectomy to eradicate disease.

A second limitation is that major aberrant anatomy precludes
a certain subset of patients from the model, and the existence of
minor variances is likely to have induced uncertainty in the pre-
dictive model. In several series, the occurrence of anatomic varia-
tions of the hepatic artery, biliary tract, and portal venous system
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ranged from 20% to 50% (32,34-37). Anatomic variations can
occur in the course, size, or branching patterns of these struc-
tures, and when combined with variations in the size, shape, and
configuration of the liver lobes, can result in aberrant patterns
of segmentation and distribution of the liver lobes. Furthermore,
the evidence presented was limited to the initial metastatic event.
As a result, given the assumed higher complexity of surgical treat-
ments in a previously accessed abdominal cavity and the reduced
liver remnant volume, anatomic definitions are less applicable to
patients with recurrences in the liver (38).

A third limitation of the study is the large number of patients
excluded because of image incompatibility with the software pro-
gram, which hindered accurate tumor coordinate measurements.

In conclusion, we propose a validated 3D liver treatment pre-
diction model to objectively and semiautomatically classify small
(<3 cm) CRLM according to anatomic location. The main goals
through use of this model are to (2) introduce a higher level of
objectivity in multidisciplinary tumor board discussions by em-
pirically predicting local treatment recommendations, (4) classify
specific lesion types according to their anatomic location to help
define inclusion and exclusion criteria for future registries and tri-
als, and (¢) improve intersociety communications (most resected
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CRLM are eligible for ablation and vice versa). We suggest defin-
ing superficial versus deep-seated CRLM as a depth of the lesion’s
center within versus beyond 3 cm from the free liver surface and
using the term peribilar if tumor margins reach within 1 cm from
the portal triad. The model currently aids in objective preproce-
dural assessment during multidisciplinary discussions based on
expert’s opinions. However, upcoming refinements to the model,
incorporating feedback from more experts across different geo-
graphic and practice regions, may be necessary and could poten-
tially influence global practice patterns. Future considerations,
where the model provides risk assessments and oncologic out-
comes per specific location, would further improve shared deci-
sion-making between the treating physicians and the patient. The
ongoing randomized controlled trials will likely provide answers
for whether thermal ablation, which is already recommended for
small deep-seated CRLM, should also be favored over resection
for more superficially located small CRLM. Eventually, these data
could serve as a foundation for future artificial intelligence mod-
els using deep learning algorithms to adapt to evolving consensus
on treatment options.
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