W J

World Journal of
Gastroenterology

Submit a Manuscript: http:/ /www.wjgnet.com/esps/
Help Desk: http:/ /www.wjgnet.com/esps/helpdesk.aspx
DOI: 10.3748 / wjg.v22.i11.3127

World | Gastroenterol 2016 March 21; 22(11): 3127-3149
ISSN 1007-9327 (print) ISSN 2219-2840 (online)
© 2016 Baishideng Publishing Group Inc. All rights reserved.

REVIEW

Evidence-based medical oncology and interventional
radiology paradigms for liver-dominant colorectal cancer

metastases

Alan Alper Sag, Fatih Selcukbiricik, Nil Molinas Mandel

Alan Alper Sag, Division of Interventional Radiology,
Department of Radiology, Koc University School of Medicine,
Istanbul 34450, Turkey

Fatih Selcukbiricik, Nil Molinas Mandel, Division of Medical
Oncology, Department of Internal Medicine, Koc University
School of Medicine, Istanbul 34450, Turkey

Author contributions: All authors equally contributed to this
paper with conception and design of the study, literature review
and analysis, drafting and critical revision and editing, and final
approval of the final version.

Conflict-of-interest statement: Authors declare no conflicts of
interest or potential conflicts of interest for this article.

Open-Access: This article is an open-access article which was
selected by an in-house editor and fully peer-reviewed by external
reviewers. It is distributed in accordance with the Creative
Commons Attribution Non Commercial (CC BY-NC 4.0) license,
which permits others to distribute, remix, adapt, build upon this
work non-commercially, and license their derivative works on
different terms, provided the original work is properly cited and
the use is non-commercial. See: http://creativecommons.org/
licenses/by-nc/4.0/

Correspondence to: Alan Alper Sag, MD, Division of
Interventional Radiology, Department of Radiology, Koc
University School of Medicine, Rumelifeneri Yolu, Sariyer,
Istanbul 34450, Turkey. asag@ku.edu.tr

Telephone: +90-212-3381176

Fax: +90-212-3381165

Received: October 27, 2015
Peer-review started: October 27, 2015
First decision: December 11, 2015
Revised: December 22, 2015
Accepted: January 17,2016

Article in press: January 17, 2016
Published online: March 21, 2016

Baishidenge ~ WJG | www.wjgnet.com

Abstract

Colorectal cancer metastasizes predictably, with liver
predominance in most cases. Because liver involvement
has been shown to be a major determinant of
survival in this population, liver-directed therapies are
increasingly considered even in cases where there is
(limited) extrahepatic disease. Unfortunately, these
patients carry a known risk of recurrence in the liver
regardless of initial therapy choice. Therefore, there
is a demand for minimally invasive, non-surgical,
personalized cancer treatments to preserve quality of
life in the induction, consolidation, and maintenance
phases of cancer therapy. This report aims to review
evidence-based conceptual, pharmacological,
and technological paradigm shifts in parenteral
and percutaneous treatment strategies as well as
forthcoming evidence regarding next-generation
systemic, locoregional, and local treatment approaches
for this patient population.

Key words: Colonic neoplasms; Rectal neoplasms;
Neoplasm metastasis; Antineoplastic agents; FOLFOX
protocol; Irinotecan, 5-flurouracil, and leucovorin
protocol; Radiofrequency ablation; Microwave ablation;
Chemoembolization; Therapeutic; Immunotherapy
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Core tip: Survival is increasing in patients with colorectal
cancer because of major advances in the domain of
modern chemotherapy and personalized biological agents.
As a result, there is increased demand for minimally-
invasive non-surgical strategies to treat liver metastases
and their recurrences. Non-surgical Interventional
Radiology treatments such as percutaneous ablation
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and endovascular-directed therapy have emerged as
adjuncts or alternatives to other forms of treatment in this
population.
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INTRODUCTION

Cancer is the second most common cause of
death in the United States, and may surpass heart
diseases (the most common cause) within the next
decade'™. Cancers of the gastrointestinal tract include
esophagus, stomach, small intestine, colon, rectum,
and anus. If not only by anatomic proximity, cancers of
the colon and rectum have traditionally been grouped
as colorectal cancer (CRC). However, a growing body
of work discriminates colon and rectum cancers
on the basis of: (1) differing oncogenic molecular
mechanism - microsatellite/chromosomal instability vs
microsatellite stability/TP53/APC/B-catenin pathway™;
(2) different metastatic patterns - rectal cancer can
spread directly to the lungs without going through the
liver because the inferior rectal veins drain directly
into inferior vena cava; and (3) different treatment
approaches for the primary tumor - for example,
rectal cancer often involves radiation therapy early
in treatment, which can confound studies trying to
determine the effects of chemotherapy in this time
period.

In the future, perhaps new subcellular insights will
continue to discriminate our treatment approaches for
metastases from colonic primaries vs rectal primaries.
Until then, the term metastatic colorectal cancer
(mCRC) persists in the literature and in ongoing clinical
trials.

Fewer people are being diagnosed with CRC than
before. This is because screening colonoscopy allows
removal of lesions while they are still pre-cancerous.
For example, in the United States, where screening
colonoscopy use has increased from 19% to 55% in
adults aged 50-75 years', the incidence of colorectal
cancer declined by at least 4% per year as recently as
2008-2011M,

Colon cancer is curable, but only if detected early.
Unfortunately, many patients have distant metastatic
disease at the time of presentation, for example 20%
of patients in the United States have distant metastatic
disease at presentation™,

Therefore, this report aims to summarize current
state-of-the-art treatment options for these patients,
and to set forth the new frontiers in treatment and
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high-impact research trends that will effect treatment
in upcoming decade.

Before beginning, it is important to note that
the diagnosis, staging, treatment, and follow-up
of patients with CRC is optimally done not just in a
multidisciplinary, but truly an interdisciplinary setting.
For example, there is strong international consensus™
that an interventional oncologist should be a standing
member of the institutional colorectal metastasis tumor
board, because access to ablation is still uneven and
advice given to patients does not always originate with
an interventional oncologist qualified in percutaneous
ablation™.

Moreover, as physicians we must acknowledge
that evidence-based medicine cannot aid all of our
medical decisions. This is because the majority of
methodologically sound studies serve the purpose of
promoting a single intervention in a controlled clinical
trial with exacting patient selection criteria. “Real-world”
patient scenarios rarely fit into the sterile criteria of
randomized controlled trials.

Finally, when proposing treatments, we must
remember the impact on quality of life. Quality of
life remains under-represented in evidence-based
medicine.

MEDICAL ONCOLOGY APPROACH TO

METASTATIC COLORECTAL CANCER

In 1957, Dr. Charles Heidelberger synthesized the
cytotoxic agent 5-fluorouracil (5-FU). Since then
and especially over the last four decades, therapies
including 5-FU have remained the mainstay of
treatment for patients with stage II colon cancer.
There is level I evidence for this. Indeed, the basis for
5-FU (usually given with folinic acid (FA) intravenously
for a 6-mo treatment period) is founded in pooled data
from seven randomized controlled studies showing that
patients receiving 5-FU/FA after resection of stage II
or II colon cancer have increased 5-year disease-free
survival (DFS) (67% vs 55%) and overall survival (OS)
(71% vs 64%). Of note, for rectal cancer, although
we believe that the benefit of 5-FU should be similar,
concurrent radiation therapy often confounds studies
for these patients and the available evidence is weaker
at this time.

For a long time, 5-FU was the only available option.
Currently, 5-FU alone is considered best supportive
care in palliative situations. This is because several
new medications have been developed and supported
with level T evidence after the turn of the century. It
is now a very exciting time for systemic therapy of
mCRC.

Current state-of-the-evidence

The goals of treatment determine the role of systemic
agents. Treatment goals for patients with mCRC can
be classified as: (1) curative (sometimes referred to
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Table 1 Chemotherapy for advanced or metastatic disease (NCCN and ESMO guidelines)

Options for

Options for therapy

Options for therapy

Initial therapy
FOLFOX +/- bmab or cetux/ pmabl
CAPOX +/- bmab or cmab/ prnab1

FOLFIRI +/- bmab or cmab/pmab'

After first progression
Irinotecan +/- bmab or aflib or cmab/ pmab1
FOLFIRI +/- bmab or aflib or cmab/ pmab1

After second progression
Irinotecan + cmab or pmab'
Regorafenib
Clinical trial
Best supportive care

FOLFOX +/- bmab CAPOX
CAPOX +/- bmab FOLFOX
Irinotecan + cmab/pmab’ Irinotecan + cmab/ pmab'
Regorafenib

Bmab + 5-FU/LV or Cape or FOLFOXIRI

Bmab + FOLFOX/FOLFIRI/Irinotecan/ CAPOX

Clinical trial
Best supportive care
Irinotecan + cmab/ pmabl

Bmab + Irinotecan + Oxaliplatin FOLFOX
Aflib + FOLFIRI/ Irinotecan CAPOX
Irinotecan + cmab/pmab’ Regorafenib

Regorafenib

(KRAS/NRAS WT gene only). Bmab: Bevacizumab; Cape: Capecitabine; Cmab: Cetuximab; Pmab: Panitumumab; Aflib: Aflibercept.

as “resectable” or “operable”); (2) potentially curative;
(3) non-curative with active treatment intent (most
patients fall into this group); and (4) non-curative with
palliative intent (best supportive care)

As previously described, the liver is the most
common site of hematogenous metastases for
gastrointestinal tumors colorectal liver metastases
(CLMs). Other common sites are lungs, peritoneum,
lymph nodes, bones, and the central nervous system.

Treatment of the resectable patient (curative intent)
According to the surgical literature, up to 25% of
patients diagnosed with CRC are found to have
synchronous CLMs™®l, Up to 50% of patients without
CLM at presentation will develop CLM during their
lifetime!. In about one third of patients with mCRC,
metastatic disease appears confined to the liver; about
one third of these patients are deemed resectable by
expert liver surgeons. Of those who get surgery, about
25% are cured (live for 10 years and do not have
recurrence) while 10% are long-term survivors up to 5
years post-resection with recurrence!®?,

As a result of the success of modern surgery (staged
resections, newer vascular reconstruction techniques,
assistance from complex hepatic interventional
radiology), the terms resectable and unresectable
will probably become outdated as we move towards
a clinical decision of who will benefit from surgery
(curative intent) and who will not (uncurable). Cure is
most commonly defined in the literature as survival of
10 years with no recurrence.

There are three surgical approaches around which
systemic treatment will be designed. The classic
approach is resection of the colorectal primary,
followed by adjuvant chemotherapy, then CLM
resection. However, patients can decompensate
between surgeries and may miss the opportunity
for CLM resection. More commonly used today, the
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combined approach, includes same-session primary
and CLM resection. Finally, the reverse approach places
CLM resection before colon tumor resection. Brouquet
et al™ showed no significant difference in survival
among these three groups. The combined approach
has a higher risk of postoperative complicationst** ™,

What happens when neoadjuvant chemotherapy
is too successful? The problem of disappearing
metastases becomes a big issue in patients who are
potentially curable but receiving neoadjuvant therapy.
The incidence of disappearing metastases (complete
radiological response) can be as high as 38%"*,
Unfortunately, the natural history of patients with
disappearing metastases is unknown. What is known
is that microscopic disease is expected in up to 80%
of patients with disappearing metastases!***¢?!
Placement of a fiduciary marker by an interventional
oncologist should be considered for patients with
metastases at risk of disappearing.

Patients who are resectable will often receive
approximately 3 mo of neoadjuvant and 3 mo of
adjuvant chemotherapy under the combined surgical
approach, for example. Although the number of
combinations is vast (Table 1), FOLFOX-4 (folinic
acid, fluorouracil, oxaliplatin) is a standard first-line
treatment with three recent landmark studies that
constitute the frontier for neoadjuvant chemotherapy
in patients treated with curative intent.

The most recent landmark study for perioperative
chemotherapy was published in 2013. EORTC 40983
(funded in part by Sanofi-Aventis, the makers of
oxaliplatin) was a phase II study that asked the
question “In patients with resectable CLM, does
neoadjuvant plus adjuvant FOLFOX4 improve OS at 8.5
years follow-up” The answer to this was no. However,
the FOLFOX4 group did show improved progression-
free survival (PFS) in the intergroup trial short-term
data from EORTC 40983™",
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Can neoadjuvant chemotherapy facilitate resection?
The concept of anti-epidermal growth factor receptor
(EGFR) agents combined with chemotherapy was
studied in the CELIM phase II study (funded in part by
Merck-Serono, the makers of cetuximab) which asked
“In patients with resectable CLM, does neoadjuvant
cetuximab plus FOLFOX/FOLFIRI increase resectability
compared to historic controls?” The answer was
yes; resectability rates increased from 32% (22/68
patients) to 60% (41/68) after chemotherapy (P <
0.0001). Cetuximab is a monoclonal antibody that
targets EGFR*Y

Moreover, OPUS, a phase 1I study (funded in part
by Merck-Serono, the makers of cetuximab) showed
that adding cetuximab to FOLFOX in chemotherapy-
naive patients increases the response rate and time to
cancer progression compared to chemotherapy alone.
Only patients who were KRAS wild type were found to
benefit from cetuximab, but this is expected because
KRAS mutant cells send growth signals independent of
EGFR activation™,

Treatment of the potentially operable patient

Response rates to modern chemotherapy have
increased up to 60%-70%, and initially unresectable
patients who are closely followed by their specialists
during chemotherapy may become surgical candidates.

The concepts of down-sizing and down-staging”
follow from the above discussion; if surgery is currently
our only modality that is shown to be potentially
curative, then we need to work to convert unresectable
patients to surgical candidates with neoadjuvant
chemotherapy (or interventional oncology methods, to
be discussed later).

Importantly, chemotherapy can induce steatosis,
fibrosis, and functional liver derangements, which
need to be factored in to the regimen planning. For
example, even a short 3-mo course of oxaliplatin
regimens (e.g., FOLFOX) increase liver morbidity after
hepatic resection, as shown by Nordlinger et al*® in
the EORTC Intergroup 4098 trial.

Currently the strongest evidence guiding chemo-
therapy selection for these patients is randomized
phase I data showing that KRAS wild-type subgroups
have the highest RECIST (radiological) response rates
for EGFR inhibitors (cetuximab). Therefore, triple
therapy using cetuximab in addition to irinotecan
(CRYSTAL study)™ is probably the best choice
for patients with a goal of downsizing for potential
resection. Furthermore, in a randomized controlled
trial of 138 unresectable patients, Ye et a/*** found that
cetuximab combined with chemotherapy improved
resectability (25.7% vs 7.4%, P < 0.01) of liver
metastases and improved 3-year OS (41% vs 18%, P
= 0.013) compared with chemotherapy alone. Of note,
panitumumab is a humanized version of cetuximab
that simply has a different dosing schedule and can be
used in the case of cetuximab allergy. Panitumumab
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was established in the PRIME study showing significant
PFS increase (9.6 mo vs 8 mo)i*>?%,

Treatment of the patient with limited extrahepatic
disease

These patients will most commonly have three or fewer
lung metastases or peritoneal implants. This remains
an area of controversy. The surgical (or ablative)
control of these lesions remains understudied, as does
the role of systemic therapy in these patients.

Treatment of the unresectable patient

Despite all modern efforts described above, < 5% of
all patients with mCRC will be cured; usually due to
relapse before reaching 10 years of DFS. Moreover,
the 5-year OS for patients with mCRC is 7%"?, The
goal of care from these patients moves from cure to
control.

The paradigm shift in treating these patients
will be demonstrating the impact of liver-directed
therapies in the context of extrahepatic disease. It
makes sense that the vast synthetic and filtration
functions of the liver (a vast understatement of the
complex biophysiology of this organ) serve a vital role
in patient morbidity and mortality. Stated differently, it
makes sense, but has not yet been rigorously proven,
that patients with widespread mCRC benefit from a
focus on the CLM, whether it be with chemotherapy
or locoregional treatments (to be discussed later).
Moreover, the liver especially makes sense for mCRC
(especially colon cancer metastases) given the
predictable metastatic pattern for these tumors.

Globally, contemporary standard of care is the
use of doublet or triplet regimens. Doublet regimens
involve combination of irinotecan and oxaliplatin (which
is not useful alone'*) with 5-FU/leucovorin (LV)?*34,
All trials comparing first-line combination superiority
between oxaliplatin and irinotecan have shown
equivalent survival. Capecitabine®*, 51, and UFT-
tegafur are oral fluoropyrimidines with established non-
inferiority to 5-FU, and can be used in doublet/triplet
combinations based on toxicity profiles. Specifically,
CAPIRI and FOLFIRI had similar efficacy and adverse
event profiles in a meta-analysis of the six major trials
available™!. Randomized controlled trials on triplet
and quadruplet regimens are forthcoming, but the
quadruplet regimens stand the risk of being limited by
toxicity.

Unfortunately, de Gramont and the GERCOR group
showed that the majority of patients treated with
continuous FOLFOX will discontinue for neurotoxicity
before progression. OPTIMOX 1 showed that an
“oxaliplatin holiday” with just infusional 5-FU could
be used to gain maximal time on oxaliplatin and
reach progression before abandoning the drug (so
called “stop and go” oxaliplatin regimen). OPTIMOX
2 aimed to study whether the infusional 5-FU was
even necessary, but remained underpowered with 216
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patients once bevacizumab was approved in France,
which effectively dismantled OPTIMOX 2. Nonetheless,
patients receiving maintenance therapy had improved
PFS and OS.

Doublet regimens are often enhanced with a choice
of two additional targeted biological agents that benefit
from specificity and reduced toxicity profiles (but
can be cost-prohibitive). These are an anti-vascular
endothelial growth factor (VEGF) monoclonal antibody,
bevacizumab, and another monoclonal antibody
targeted for the human epidermal growth factor
receptor (HER-1 or EGFR).

In the second line, the phase I VELOUR trial®®
showed that FOLFIRI plus aflibercept (a fusion protein
of human IgG Fcl and VEGF receptors 1 and 2 that
functions as a VEGF-trap and blocks all human VEGF-A
isoforms, VEGF-B, as well as placental growth factor
PIGF-2) provided significant survival advantage,
which was even seen in patients with resistance at
prior bevacizumab (a pure VEGF ligand inhibitor as
opposed to a VEGF trap) treatment. The European
TML study showed that patients who progressed on
first-line chemotherapy plus bevacizumab benefitted
from having bevacizumab included in their second-
line chemotherapy as well, with significant PFS and
OS differences (5.7 mo vs 4.1 mo and 11.2 mo vs
9.8 mo, respectively)®”. In a related study, the RAISE
study (presented at ASCO 2015) showed that second-
line FOLFIRI ramucirumab (a human IgG1l monoclonal
antibody targeting the extracellular domain of
VEGFR-2) also leads to a statistically significant
improvement in OS in comparison to FOLFIRI plus
bevacizumab (13.3 mo vs 11.7 mo, respectively).

In the salvage setting, the CORRECT trial®® stands
out as a landmark trial, where regorafenib (an oral
multikinase inhibitor) showed a significant survival
advantage compared to best supportive care. The
newest frontier in this setting was announced at
2015 ASCO GI with famitinib, a multi-target receptor
tyrosine kinase inhibitor primarily acting against
angiogenesis which had favorable phase I data, with
further studies forthcoming.

Treatment of patients with recurrent or progressive
disease

As chemotherapy improves, patients are now living
longer. Median survival now exceeds 30 mo, with many
patients living up to 4-5 years with advanced disease.
In fact, patients are living so long that we must begin
to consider the cumulative toxicities from multiple lines
of chemotherapy™.

The contemporary approach for patients who
progress on doublet therapy is to “flip the doublet”,
that is, irinotecan and oxaliplatin based doublets are
interchanged. The E3200 study showed that adding
bevacizumab to the second-line in bevacizumab-naive
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patients increased progression-free (7.3 mo vs 4.7
mo) and overall (12.9 mo vs 10.8 mo) survival. The
TML study has been described above but supports
continuation of bevacizumab in the second line. As
described above, VELOURP® added aflibercept to the
list of medications with phase III survival improvement
data in the second line. As above, EPIC™*” showed that
cetuximab improved PFS (4 mo vs 2.6 mo) in patients
with EGFR-expressing tumors.

Data regarding third-line therapies are relatively
slim. Regorafenib was studied in the CORRECT trial as
detailed above, and shown to improve OS in patients
progressing on anti-EGFR therapy (6.4 mo vs 5 mo).
This comes at the risk of hand-foot syndrome which
can be seen with regorafenib™®,

SUMMARY: MEDICAL ONCOLOGY

Somatic mutation testing at initial tissue diagnosis
KRAS and BRAF at a minimum, in the future multi-
gene testing systems for targetable mutations.

For advanced metastatic disease, chemotherapy-first as
opposed to surgery-first

As CRC approaches designation as a chemosensitive
disease, and is increasingly facilitated by palliative
endoluminal stenting for concurrent obstruction,
surgery will be used less frequently as the first
treatment™*"*?,

More removal of the primary tumor in systemic disease
In the correct patient population, there is increasing
evidence that, even in systemic disease, removal of the
primary tumor improves survival. This is retrospective
at this point.

Metastatic equivalents

The concept that heavy node-positive disease at
primary resection may be treated as if the patient has
distant metastases.

Stage II colorectal cancer patients

The benefits of chemotherapy will become more
established for patients with stage I tumors that
are high risk (lymphovascular invasion/emergent
presentation with obstruction or perforation/poor
differentiated/T4 NO). Already there is level I evidence
for survival benefit with chemotherapy for stage 1
tumors.

Complexity

As the number of agents and patient survival increase
(Table 2), choosing an optimal chemotherapy strategy
becomes more complex, limited by expense as well as
cumulative toxicity profiles.
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Table 2 Highlights of ongoing clinical trials (National Cancer Institute) regarding systemic treatment for metastatic colorectal cancer

Protocol ID Principle investigator Phase, purpose, and relevance

NCT02149108 Boehringer Ingelheim Phase Il study of salvage nindetanib

NCT02305758 AbbVie Phase [Istudy of first-line veliparib (PARP inhibitor) added to FOLFIRI +/- bmab

NCT02060188 Bristol-Myers Squibb Phase II study of nivolumab (anti-PD1 antibody) +/- Ipilimumab in recurrent and

microsatellite high (MSI-H) colon cancer
NCT02119676 Incyte Phase II study of salvage ruxolitinib (a JAK1 and JAK2 inhibitor) in combination with
regorafenib

NCT02260440 University of Pittsburgh Phase II study of salvage pembrolizumab (anti-PD1) in combination with azacitidine

NCT01661972 Duke University Medical Center Phase [ / II study of capecitabine plus aflibercept (“X-TRAP study”)

NCT02168777 Bayer Phase [ / II study of remafetinib with regorafenib

NCT02079740 National Cancer Institute, United States Phase [ b/ II study of trametinib (a MEK inhibitor) and navitoclax (BCL-2 Family
Inhibitor) in KRAS mutant advanced tumors

NCT00940316 Genentech, OSI Pharmaceuticals, Amgen Phase I /II study of dual epidermal growth factor receptor inhibition With Erlotinib and
Panitumumab with or without chemotherapy

NCT01985763  Mt. Sinai School of Medicine, New York City Phase I /II study of first line genistein (a soy derivative that interrupts Wnt signaling) in

addition to standard regimens
NCT01471353 University of Florida Phase II study of salvage sorafenib plus capecitabine (SorCape)
NCT01750918 GlaxoSmithKline Phase I / I study of trametinib and dabrafenib in combination with panitumumab in

BRAF-mutation V600E colorectal cancer and in patients with resistance to prior anti-

EGER therapy

INTERVENTIONAL RADIOLOGY
APPROACH TO MCRC

Standing at the forefront of minimally invasive cancer
therapies, interventional oncology is positioned
alongside medical oncology, radiation oncology, and
surgical oncology as one of the four pillars of care
for the patient with cancer. Interventional oncology
is the super-specialization of interventional radiology
sub-specialists in the care of the patient with cancer.
Interventional oncology physicians bring a clinical - not
purely technical - approach to patient care and are a
key component of multidisciplinary cancer treatment
teams.

The interventional oncologist uses therapies that fall
into two main categories when treating solid tumors:
ablation and embolization. Ablation is the deposition
of energy into a tumor using percutaneous electrodes,
antennae, or probes with the intent of destroying the
tumor and a margin of normal surrounding tissue.
Embolization refers to the endovascular delivery of
any agent including bland particles, or particle-bound
pharmaceuticals/biological agents/chemotherapy/
radiopharmaceuticals, or even biological agents (for
example, antineoplastic mutant virus pharmaceuticals)
with the intent of a focused volume of distribution
into target tumor with minimal collateral damage to
normal parenchyma, and sometimes a secondary
goal of causing ischemia (although, as described later,
tissue anoxia is sometimes undesirable for example
in radioembolization where the mechanism of tumor
destruction is oxygen free radical formation).

While reviewing the forthcoming data regarding
interventional oncology therapy for mCRC, it is
important to note that ablation is already recognized
as a curative!®® modality (the other two curative
modalities being surgical resection and transplantation)
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for hepatocellular carcinoma (HCC) per the BCLC
(Barcelona Clinic Liver Cancer) Criteria that are
widely endorsed by scientific organizations including
EASL, ESMO, and AASLD (European Association for
the Study of the Liver, European Society for Medical
Oncology, and the American Association for the Study
of Liver Diseases, respectively). Moreover there is level
1 evidence to support the use of chemoembolization
in HCC patients. Level 1 evidence is a high quality
randomized trial or prospective study, including
systematic reviews of other level 1 studies.
Interventional oncology therapies have provided
treatment options for patients in the salvage setting
with low volumes of healthy liver parenchyma,
for example, patients with underlying cirrhosis,
steatohepatitis after multiple lines of chemotherapy
and/or prior extensive hepatic resection. Importantly,
outcomes in the salvage setting should not be used
as a benchmark for the outcomes of all interventional
oncology therapies. This is because: (1) studies of
interventional oncology patients in the salvage setting
commonly suffer from severe selection bias, including
poorer baseline performance status; and this limits
external generalizability of these studies; and (2) the
tumor biology of salvage patients is categorically worse
(greater accumulation of tumor DNA mutations, more
aggressive behavior) after multiple lines of treatment
compared to patients receiving first-line therapies.
Interventional oncology combines a utilization
of local and locoregional therapies. Local therapies
are treatments directed at tumors we can see on
imaging and target with resection, intraoperative
ablation, or percutaneous ablation. However, it is no
longer controversial that patients with macroscopic
CLM also must be assumed to have microscopic
CLM. Locoregional therapies (for example yttrium-90
radioembolization, and chemoembolization) allow
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minimally invasive organ-directed treatment with a
field effect that can result in fewer side effects than
systemic therapy and are less invasive than open
surgery.

The need for interventional oncology in the
treatment of patients with colon and rectum cancer is
increasing. Patients are living longer post-treatment,
developing lesions during survival that need biopsy,
and ultimately recurrence that may require local or
locoregional therapies. Finally, as life expectancy
continues to rise, older patients diagnosed with cancer
will seek treatment even if they are not candidates for

surgery.

Interventional radiology and the “test-of-time” concept
The test-of-time approach is a crucial concept in the
management of mCRC that can spare patients from
unnecessary surgery. This concept was popularized
by Livraghi et ai*¥ in 2003, and sought to ask the
question: for resectable patients awaiting surgery,
what happens if ablation is done first, with the plan
of still taking them to surgery? In their study, ablated
patients who had complete tumor necrosis with
margins [with necrosis defined as non-enhancement
at contrast-enhanced computed tomography (CT)
on postoperative day 1], 98% (52/58) were spared
surgical resection, 23/52 (44%) because they
remained disease free, and 29/52 (56%) because
they manifested with widespread disease. Had these
patients undergone surgical resection, it would have
resulted in unnecessary morbidity because they
would have developed those new liver metastases
anyway. All patients received chemotherapy before
radiofrequency ablation (RFA) unless they refused; in
total, 70/88 patients (80%) received chemotherapy
before RFA.

To summarize, Livraghi et a/l** showed that if
RFA with margins can be performed for resectable
oligometastatic CLM, 98% of patients are spared
unnecessary surgery. The concept that today’s
“resectable” will come to mean “ablatable” is a visionary
guiding principle for all interventional oncologists
seeking to treat patients in a percutaneous minimally
invasive fashion.

Interventional radiology and the “chemotherapy
holiday” concept

Ablation is a repeatable and minimally invasive therapy
that is directly complementary to surgical resection
in principle. Induction chemotherapy does not always
result in a complete visual disappearance of all lesions
at imaging. The initial “induction” response of first-line
chemotherapy can be “consolidated” by percutaneous
image-guided ablation in a minimally invasive fashion.
Depending on local practice patterns, the eradication
of visible tumor may allow for the patient to take a
“holiday” from receiving chemotherapy (which can
involve frequent visits to the hospital, side effects,
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and expense, all of which may affect quality of life).
As above, this can be used with the test-of-time
approach.

Interventional radiology and the concept of PFS as a
surrogate of 0OS

In randomized controlled trials, the gold standard
endpoint is overall survival. However, this endpoint
requires extended follow-up and is often confounded
by subsequent lines of treatment. Even though the
United States Food and Drug Administration (FDA) will
approve treatments based on the endpoint of PFS, it is
becoming less controversial to use PFS as a surrogate
for OS as a primary endpoint in studies in medical
oncology and interventional oncology.

The use of PFS as a surrogate for OS should be
cancer-specific. In this regard, for patients with mCRC
and CLM, liver progression of disease is what will
usually affect survival. In 2002, the FDA approved
SIR-spheres for mCRC CLM on the basis of statistically
significantly improved PFS. Recently, the FDA
published regulation 21CFR813, subpart H allowing the
use of PFS in the accelerated approval of new drugs for
serious illnesses.

PERCUTANEOUS ABLATION

Interventional radiology and the concept of an “A0”
ablation

Ablation is defined as the delivery of energy into a
tumor to destroy that tumor. Just like a margin of
normal tissue must be removed for RO resection, it
makes sense that a margin of normal tissue must be
ablated to perform AQ ablation.

The concept of A0 ablation, as well as objective
criteria to document the performance of it, is a subject
being pioneered at selected centers worldwide, for
example, by work including Interventional Oncologists
Sofocleous, Erinjeri, and Solomon and colleagues at
Memorial Sloan Kettering Cancer Center (MSKCC) in
New York City. For example, immediate post-ablation
biopsy of the peritumoral margin can be evaluated
using YO-PRO-1 as a biomarker of cell death™'.

Strategies to document A0 ablation using imme-
diate procedural imaging are also being studied but
will benefit from the aforementioned histological
verification prior to rigorous clinical application. Makino
et al"*®! performed a pilot feasibility study of pre-
ablation and post-ablation contrast-enhanced CT [or
magnetic resonance imaging (MRI), respectively]
images, showing that MR fusion provided technically
acceptable image registration for ablation volume
comparison in 86/92 (93.5%) while CT did so for
62/92 (68%), noting that shrinkage of the ablation
zone during the < 28 d between pre- and post-ablation
scans may need attention in future studies. In another
feasibility pilot study, Rempp et a/'*”! showed that
ablation performed under MR guidance can be followed
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with MR thermometry and diffusion-weighted imaging
to document tumoricidal temperatures in real time and
establish the margins of cellular destruction. Finally,
while not FDA-approved for this indication, Mauri et
al*® have performed a substantial pilot study of sulfur
hexafluoride microbubble ultrasound intravascular
contrast for intraprocedural rapid assessment of ablation
volume, showing that contrast-enhanced ultrasound
spared retreatment in 29/93 (31%) of patients who
had incomplete ablation with an approximately 22%
cost reduction for overall interventional treatment. Of
note, unfortunately, gas bubbles seen at routine B-mode
ultrasound during thermal ablation do not indicate
complete ablation of the gas-emitting region™®, and
the zone of gas bubbles does not correlate accurately
with the zone of necrosis*?.,

Image guidance, fusion, and navigation

Guidance options for probe placement include
ultrasound, CT, CT fluoroscopy, positron emission
tomography (PET)/CT, and MRI (with compatible
ablation systems). Augmented reality systems
including fusion imaging and volumetric spatial
navigation are emerging as adjunct technologies.

Ultrasound is well suited for mCRC in the liver
because the lesions are usually conspicuously hypoe-
choic relative to the surrounding liver parenchyma.
Using the sensitivity of diffusion-weighted MRI to
detect lesions non-invasively, cognitive fusion with
ultrasound provides the benefits of real-time needle/
probe tracking with the respiratory cycle. Additionally,
ultrasound provides real-time vascular assessment
with Doppler ultrasound as well as omniplanar vector
planning, which is difficult for CT. Intraoperative
ultrasound is especially sensitive for lesion detection.
One unsolved dilemma with ultrasound guidance
during ablation is that water vapor and nitrogen gas
released during tissue boiling (RFA, microwave) or ice
formation (cryoablation) cause acoustic scattering,
acoustic refraction, and acoustic shadowing of an
already-hypovascular lesion. Therefore, given the
option to ablate a deep lesion and a superficial lesion
in sequence, experienced operators ablate the deeper
lesion first to avoid acoustic shadowing of the second
lesion.

Body habitus may limit ultrasound capabilities
because the subcutaneous adipose layer scatters the
otherwise-organized sound waves originating from
the cutaneous piezoelectric crystals, distorting image
quality. This becomes especially important for deep
liver lesions. CT is helpful in this setting. Fluoroscopic
CT can be used to safely guide the needle/probe/
antenna to the target and confirm the zone of ablation.
Iodinated contrast can be given that will provide a time
window of 5 min or less for targeting of inconspicuous
lesions. PET/CT using fluorodeoxyglucose (FDG)
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(or any other radiotracer that emits positrons) is a
powerful technique to target the metabolically active
portions of tumors. Indeed Shyn et a** have shown
that a reasonable 20-s breath-hold PET acquisition
(shorter than that usual 3-min summed breath-hold
acquisition) can safely be used for intrahepatic lesion
targeting. In practice, it is important to remember that
lead aprons do not block positrons, so in-room time
should be limited once the FDG dose is given. Finally,
not all ablation equipment is MRI compatible but MRI
does provide exquisite anatomic detail, with Rempp et
al”’ demonstrating technical success of MRI-guided
ablation in 210/213 lesions (98.6%) when using wide-
bore MR-guided RFA. Especially for patients with large
body habitus, the wide-bore magnet is preferable,
and in practice the patient can be positioned
asymmetrically in the bore to open up space on the
right side of the patient.

Electromagnetic tracking-based image fusion is a
powerful technique combining the spatial/metabolic/
physiological sensitivity and specificity of PET/CT,
contrast-enhanced CT or MRI, with the real-time
imaging and handheld convenience of ultrasound.
Example software provides “plug-and-play” fusion
whereby images from any CD-ROM or PACS can be
registered to ultrasound by the operator by selecting
mutual anatomic landmarks in a series of images. The
magnetic field generator tower that tracks ultrasound
probe positioning may not be compatible with cardiac
pacing devices. Respiratory motion (which can vary
later in the case due to sedatives) remains an issue for
this fusion - the anatomy is fused at a single point in
the respiratory cycle (preferably expiration which lasts
longer than inspiration and provides a longer window
for needle/probe positioning). Mauri et a/l'® have
performed one of the largest series regarding fusion
guidance during thermal ablation in 295 ablation cases,
demonstrating correct tumor targeting and ablation in
266/295 (90.2%) of cases. Of note, this technology
is most valuable for lesions that are poorly visualized
by ultrasound but require ultrasound for appropriate
positioning (for example liver dome lesions).

Navigation is important to differentiate from
fusion. Fusion simply refers to overlay of two image
sets (usually a real-time ultrasound to a static
hybridized PET/CT for example), which are spatially
registered to vary in the x, y and z axes of ultrasound
scanning. Navigation refers specifically to tracking of
the operator’s instrument (needle/probe/antenna)
in space toward a target and can be performed even
on unfused images. Improved lesion targeting with
navigation systems may one day become the standard
of care, with emerging studies such as that from
Bale et a®* showing that use of an optical frameless
stereotactic navigation system with percutaneous
RFA achieves similar OS and DFS rates as surgical
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resection, directly challenging surgical resection as the
first-line treatment of choice for CLM.

Percutaneous ablation: Patient selection

After clinical factors have been addressed, technical
factors guiding patient selection include the following. (1)
the number of tumors is limited, usually < 4 tumors; (2)
the size of tumor appropriate for ablation. There is no
strict absolute cutoff and tumor histology and ablation
technology must be considered. Broadly, 3 cm is not
controversial, while < 5 cm is acceptable. A new frontier
ripe for study is the combination of embolization and
ablation for this patient population, which has already
shown promise for HCC based on data from MSKCC;
and (3) tumor location near major vessels will designate
the ablational at-risk margin regarding incomplete
ablation due to heat sink and current sink (detailed
below) and should prompt percutaneous temperature
probe placement to document tumoricidal temperatures
along the at-risk margin.

Contraindications to ablation include: (1) uncor-
rectable coagulopathy; and (2) no safe window for
access vector to the tumor, even after considering
strategic patient repositioning and temporary organ
displacement maneuvers.

Percutaneous RFA

RFA involves delivery of energy with a frequency of
less than 900 kHz using needle electrodes of varying
geometry. The energy agitates ions resulting in
temperature elevation. At 60 C, coagulation necrosis
occurs. At 100 °C, undesirable carbonization occurs,
limiting heat distribution throughout the tumor. Tumors
near blood vessels pose a challenge for RFA, as the
nearby blood flow will remove electrical current and
heat from the ablation zone (heat sink and current
sink). Nearby biliary structures risk stricture formation
as well.

The ideal candidate for RFA is a patient with a
solitary CLM < 3 cm in size. Although rigorous evidence
is forthcoming, it is believed that AO ablation requires
at least a 5-mm margin of normal tissue (based on
imaging follow-up 1-2 mo post ablation).

Although major literature is forthcoming, the
available retrospective data suggest that carefully
selected RFA patients do just as well as resected
patients. For example, Gillams et a/** showed in their
series of 167 patients undergoing percutaneous RFA,
for patients with < 5 metastases, maximum diameter
< 5 cm and no extrahepatic disease, the 5-year
survival from the time of diagnosis was 30%, and the
5-year survival from the time of first RFA was 26%.
This compares favorably to the 5-year survival for
operable patients of a median of 32%.

Future frontiers with RFA will include pre-medication
or pre-embolization (see Bland Embolization section
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below). For example, Devun et ai®* have shown that
systemic pretreatment of mice with the DNA repair
inhibitor Dbait improves the efficacy of radiofrequency
ablation.

The literature regarding RFA of CLM is highlighted
in Table 3.

Percutaneous cryoablation
Cryoablation uses a special probe applying the Joule-
Thompson principle to argon gas to cause rapid
tissue cooling. Cancer cells contain more water than
non-cancer cells. Freezing leads to the formation
of intracellular ice crystals. At -40 C, tissue death
occurs. Early generation devices have limited the
implementation of this modality for the liver due
to adverse event reports of cryoshock, a condition
similar to diffuse intravascular coagulation. Despite
the availability of effective thermal ablation methods
in the liver, cryoablation remains the oldest method
of tumor ablation and has been used with success in
other organs®®"), Furthermore, the ability to visualize
a clear ablation margin under CT using cryoablation
makes it an attractive option, and for this reason
forthcoming literature regarding cryoablation in the
liver constitutes a new frontier for mCRC CLM.

The available literature regarding cryoablation of
CLM is highlighted in Table 4.

Percutaneous microwave ablation

Microwave ablation (MWA) was developed to overcome
limitations with RFA. MWA uses high-frequency waves
(900 MHz and 2.4 GHz) to oscillate water molecules,
creating friction, tissue heating, and tissue destruction
by coagulation necrosis. MWA does not rely on
electrical current to generate heat, and therefore a
current sink is not an issue. Due to the power of the
microwave generator, MWA can overcome the heat
sink even if it does not fully avoid it. MWA is superior
to RFA in treating larger tumors, with lower recurrence
rates (as low as 6%)"%.

There is only one randomized trial comparing MWA
to resection in MCRC patients with CLM. No statistically
significant difference was found as the study was
underpowered (40 patients). The mean survival time
was greater in the MWA group (27 mo vs 25 mo) while
the mean disease-free interval was slightly shorter
(11.3 mo vs 13.3 mo)P. The available literature
regarding MWA of CLM is highlighted in Table 5.

Percutaneous irreversible electroporation

Irreversible electroporation was developed to overcome
limitations presented by thermal ablation (RFA and
MWA), namely, collateral damage to bile ducts or other
important structures that could be damaged due to
heat. Irreversible electroporation is a new technology
and much of the data is forthcoming. Studies that have
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Table 3 Highlights of radiofrequency ablation literature for colorectal liver metastases

Ref. Level of Year Study details 1yr 3yr S5yr 7yr 10yr Median OS Procedure-
evidence OS% OS% OS% OS% OS% (mo) related
complications
'Gillams et al™ -2 2004 Prospective, 167 patients 91 28 25 38 <1% (1/167)

Percutaneous (ValleyLab)
Mean 4 lesions
Mean 4 cm max diameter
Hildebrand et al"®! -2 2006 Prospective, 88 pts/420 lesions 92 42 28 3.4% (3/88)
Percutaneous (RITA/ValleyLab)
Mean 3.5 lesions
Median 2.7 cm max diameter
Siperstein et al""! -2 2007 Prospective, 234 patients 20.2 18.4 24 Not reported
Laparoscopic
Mean 3 lesions
Median 4 cm max diameter
Berber et al""! n-2 2008 Prospective, 68 pts/68 lesions 206 30 20.5 2.9% (2/68)
Laparoscopic
All solitary lesions
Median 3.7 cm max diameter
Veltri et al™ -2 2008 Retrospective, 122 pts/199 lesions 79 38 22 315 1% (2/199)
Percutaneous (RITA/ValleyLab
/LeVeen)
Mean 1.6 lesions
Median 3 cm max diameter
Gleisner et al™ -2 2008 Prospective, 66 patients 923 51.1 283 38.1 Not reported
Intraoperative (RITA)
Median 2 lesions
Median 3 cm max diameter
'Gillams and Lees™”! -2 2009  Prospective, 309 pts/617 lesions 49 24 36 3.7% (23/617)
Percutaneous (Covidien/RITA)
Mean 4 lesions
Median 2.3 cm max diameter
Sofocleous et al™! -2 2011 Prospective, 56 pts/71 lesions 91 41 Bill 4% (2/56)
Percutaneous (LeVeen/Valleylab/
RITA)
Mean 1.4 lesions
Median 1.9 cm max diameter
Solbiati et al"™ -2 2012  Retrospective, 99 pts/202 lesions 98 693 478 25 18 53.2 1.3% (2/156)
Percutaneous (Covidien)
Mean 2 lesions
Mean 2.1 cm diameter +/- 0.75 cm std

deviation
Bale et al™ -2 2012  Retrospective, 63 pts/189 lesions 87 44 27 27 mofor  17% (17/98)
unresectable
patients,
Percutaneous (Covidien) with Treon 58 mo for
Navigation resectable
patients
Mean 2 lesions (P =0.002)
Mean 2 cm diameter
Hamada et al™ -2 2012  Retrospective 84 pts/141 lesions 90.6 449 208 34.9 2.2% (3/138)

Percutaneous (Valleylab)
Mean 1.7 lesions
Mean 2.3 cm max diameter +/- 1.4 cm

'Partially redundant series. Level of Evidence based on the United States Agency of Healthcare Research and Quality Classification of Levels of Evidence.
OS: Overall survival.
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Table 4 Highlights of cryoablation literature for colorectal liver metastases

Ref. Level of Year Study details 1yr 3yr 5yr Median OS Procedure-related
evidence 0OS% OS% OS% (mo) Complications
Rivoire et al"” n-2 2002 Retrospective, 24 patients, 69 lesions 92 58 39 21% (5/24) had iceball
Laparotomy (Erbokryo CS-6) fracture, successfully
10-15 min freeze, 5 min thaw, 5-10 min freeze, treated with suture (all
occasionally with Pringle maneuver cryoablation performed at
Mean 3 lesions laparotomy)
Mean 4.5 cm max diameter
Yan et al™ o2 2003 Prospective, 172 pts/420 lesions 89 41 19 28 28% (48/172) (all
Laparotomy (L.C.S. 3000/ Erbe) cryoablation performed
1 cm margin, freeze-partial thaw-freeze at laparotomy, not
Mean 4 lesions percutaneously)
Median 3.6 cm max diameter Gelfoam packed into every
tract
Brooks et al""! o-2 2005 Prospective, 93 patients 85 43 19 B8 Cryoablation-related
Laparotomy (L.C.S. 3000/ Erbe) complications not
Median 2 lesions specifically reported
Niu et al™! m-2 2007 Prospective, 124 pts/124 lesions 84 43 24 29 Not reported
Laparotomy (L.C.S. 3000/ Erbe) Gelfoam was packed into
every tract
1 cm margin, freeze-partial thaw-freeze
For lesions > 3 cm, two probes always used
Mean 4 lesions
Mean 4 cm max diameter
Paganini et al"™! n-2 2007 Retrospective, 49 pts 87 43 23 31 22% (11/49)
Laparotomy (CMS AccuProbe/Erbe)
Mean 5 lesions
Median 3 cm max diameter
Ng et al"™ n-2 2012 Retrospective, 211 pts 87 21 12 27 Cryoablation-related
(Part 1) Laparotomy (L.C.S. 3000/ Erbe) complications not
Single-freeze thaw performed except for “smaller” specifically reported
lesions where partial double freeze-thaw performed
Mean 4.4 lesions
m-2 2012 Mean size 4 cm 87 31 17 34 Cryoablation-related
Ng et al' Retrospective, 93 pts complications not
(Part 2) Laparotomy-assisted cryoablation of inadequate specifically reported
resection margins as determined by operator; (L.C.S.
3000/ Erbe)
Shyn et al™ n-2 2014 Mean 2.2 lesions Local progression at a mean Not reported

Mean lesion size 5.7 cm
Retrospective, 39 patients, 54 lesions
Percutaneous (Galil)

interval of 30.3 mo (range 13-72
mo) was seen in 14/54 patients
(26%). Survival not reported

Median 4 probes (range 1-7) each 17 Gauge, 15 min
freeze, 10 min passive thaw, 15 min freeze cycle
Mean 1.4 lesions
Mean lesion size 3 cm

Level of Evidence based on the United States Agency of Healthcare Research and Quality Classification of Levels of Evidence.

included mCRC patients with CLM have shown primary
efficacy of up to 100% for tumors adjacent to vascular
and biliary structures® . In this setting, similar to
that shown in the microwave setting®’ a tumor size

Response Evaluation Criteria in Solid Tumors.

The treatment team should be aware that there
is one major nuance to the application of all of these
criteria. With percutaneous ablation, the ablation

of = 3 cm seems to be an independent risk factor for
local recurrence.

Post-ablation patient follow-up

The exact timing and modality of follow-up imaging
after ablation varies on an institutional basis. There
are three main systems used in evaluating treatment
response by these patients: the World Health
Organization criteria, the Response Evaluation Criteria
in Solid Tumors and the Positron Emission Evaluation
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3137

creates a volume of imaging abnormality larger than
the target tumor. Therefore, for proper evaluation of
response to treatment and early detection of local
tumor progression, a post-ablation scan at 4-8 wk is
considered the new baseline for future comparisons.
The next scan can be timed for 2-4 mo, and will be
used to detect local, near local, and distant disease
progression. Ideally the interventional oncologist
should see these patients in their clinic and review
imaging directly with the patient.
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Table 5 Highlights of microwave ablation literature for colorectal liver metastases

Ref. Level of Year Study details 1yr 3yr 5yr Median Procedure-related complications
evidence 0S% OS% OS% OS (mo)
Shibata et al®™ o-1 2000  Prospective, randomized, 14 pts, 58 lesions 71 14 27 14% (2/14) - one biliary fistula
Laparotomy (Azwell HSD-20M) and one hepatic abscess
Mean 4 lesions
Mean 2.7 cm
Liang et al™" -2 2003 Retrospective, 74 patients, 149 lesions 914 464 29 205 4% (3/74) skin burns (in patients
Laparotomy (Microtaze AZM-520) with tumors with extracapsular
Mean 2 lesions extension)
Mean 0.8 cm max diameter
Tanaka et al™ -2 2006 Retrospective, 16 patients, 35 lesions 80 51 17 28 19% (3/16) Bleeding, biliary

Laparotomy (Microtaze AZM-520)
Mean 2 lesions
Mean 0.8 cm max diameter

fistula, wound infection. (all
patients underwent MWA via
laparotomy, none percutaneous)

SUMMARY: PERCUTANEOUS ABLATION

Immunomodulation is the next major topic in ablation
research. The underlying mechanisms are already
under investigation by Erinjeri et a/®! at MSKCC and
selected institutions worldwide.

Until immunomodulation mechanisms are deter-
mined and translated to the bedside, existing tech-
nology will be studied clinically. Based on similar
experiences with level 1 HCC data for interventional
oncology therapies, forthcoming mCRC data will likely
prove that ablation, performed by skilled operators
in carefully selected patients, rivals or outperforms
surgery when accounting for morbidity, cost, and
quality of life of the patient.

Metabolic-imaging guidance during ablation,
as pioneered by Ryan, Sofocleous, Solomon and
colleagues at MSKCC, may become standard of care
for establishing AO ablation and for anatomically
challenging marginal ablations?.,

Patient safety during anatomically challenging
percutaneous ablations will be enhanced by main-
stream implementation of image-guided navigation
systems!®®,

The same tumor biology that affects the outcomes
of medical and surgical treatments will determine the
outcomes from interventional treatments. Therefore,
smaller and fewer tumors, as well as CLM in the
absence of significant extrahepatic disease, and low
nodal involvement of the resected primary tumor
are all positive predictive factors that should guide
interventional oncologists in multidisciplinary tumor
conferences and in the clinic.

ENDOVASCULAR ANTINEOPLASTIC
INTERVENTIONS

The fundamental limitation of local therapies (surgery
and ablation) is that only tumors that are seen
(visually or radiologically) are targeted. However, our
ability to see tumors is limited. For example, even
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the best imaging technologies currently in use have
a liver resolution in the order of millimeters at best.
In other words, in order to see a tumor by imaging,
107 cancer cells must be present. Even using the only
mainstream molecular imaging technology of PET,
this is reduced at best to 10° cells. Furthermore, there
is @ growing body of research regarding circulating
tumor cells. In summary, there is an opportunity to
benefit patients if we recognize that microscopic tumor
probably plays a role in tumor recurrence or treatment
resistance. The EORTC Intergroup Trial 40983 showed
that, of resectable patients (1-4 visible metastases)
who underwent surgery, 70% developed intrahepatic
recurrence at 3 years (long-term follow-up). Thus the
burden of micrometastatic disease can be estimated
to be approximately 70% in patients with mCRC and
resectable CLM.

Locoregional therapies expand on local therapies
by treating the field of parenchyma surrounding
tumors. A mystery in oncology is why liver metastases
(presumably reaching the liver via the portal vein)
derive most or all of their blood from the hepatic
artery. However, interventional oncologists depend
on this fortuitous anatomical relationship to deliver
particles to the tumor blood supply in a selective
fashion while sparing nearby normal parenchyma.
If particles are delivered, this procedure is called
embolization.

CLMs are usually hypovascular relative to the
normal nearby liver parenchyma. If an arterially
directed therapy depends on flow-directed embolization
(whereby particles preferentially enter the tumor
vasculature due to their usually increased blood flow),
can it still benefit patients with hypovascular CLMs?
The brief answer is yes, although the hemodynamics
and vascular fluidics of microparticle delivery in this
setting have not yet been fully established.

Locoregional therapies carry the benefit of treating
the field, that is, treating micrometastases that are not
yet visible using current imaging technology.

There are four settings in which arterially directed
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therapies are commonly used. (1) induction treatment
- downsizing potentially curable patients in preparation
for surgery; (2) combined with percutaneous ablation
- embolization reduces the heat sink and creates
an ischemic tumor environment that is primed for
ablation. If embolization is performed with lipiodol,
an oily embolic, it is thought to greatly enhance heat
delivery to tumor cells. Elnekave and colleagues have
shown that this method equals surgical outcomes
for HCC (not mCRC) up to 7 cm in their series at
MSKCC'®”; (3) salvage treatment - high response rates
can be seen by adding arterially directed therapies to
chemotherapy, even in settings where patients have
previously been resistant to the same chemotherapy
agent; and (4) early-line treatment - this concept is
a natural evolution from use in the salvage setting
and follows from organ-directed therapy concepts
previously described. In addition, it is thought that
locoregional therapies can have a greater effect before
reaching a multi-line-resistant tumor with more
aggressive biology. SIRFLOX and FIREFOX trials are
two example studies looking at radioembolization as
an early-line treatment.

Hepatic arterial chemotherapy
Relying on high-first-pass extraction of chemo-
therapeutic agent from the bloodstream, hepatic
arterial infusion (HAI) of chemotherapy utilizes a
subcutaneous injection port with a thin intra-arterial
indwelling catheter that has its tip in the proper hepatic
artery at the origin of the gastroduodenal artery.
The port can be placed surgically or percutaneously.
The skeletonization via the percutaneous route is
thought to be more complete although no rigorous
studies have demonstrated this. Maintenance Tc-99
microalbumin aggregate studies and angiograms are
occasionally performed during the dwell time of the
device to ensure there is no extrahepatic drug delivery.
HAI improves OS. This finding supports the
concept of a liver-directed approach in patients with
widespread mCRC, and also supports the concept of
organ-directed approaches for metastatic cancers.
A meta-analysis of six HAI trials showed improved
response rates as well as OS advantage (14.5 mo vs
10.1 mo, P = 0.0009),

Portal vein infusion chemotherapy

It would make sense that treatment of the “field”
of radiologically uninvolved parenchyma would
optimally be done via the portal vein, where the
“normal” parenchyma derives the majority of its
blood supply. This procedure is different from portal
vein “embolization”, which is done to hypertrophy a
contralateral lobe prior to resection. The infusion of
portal venous chemotherapy and evaluation of first-
pass extraction has been studied. The group SAKK
from Switzerland showed that adjuvant portal vein
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infusion of mitomycin C + 5-FU improved OS but
did not reduce the recurrence of liver metastases'®.
A subsequent prospective three-arm randomized
multicenter trial of 753 patients with stages I -1l
colorectal cancer (surgery only vs adjuvant portal
vein chemotherapy vs adjuvant peripheral vein
chemotherapy) showed that portal vein infusion did
not improve DFS and OS. Actually, PVI was shown
to have potentially harmful effects with a statistically
significant increase in early death in the PVI group™®.
This technique remains investigational at the time of
this report.

Bland embolization

Bland embolization is the injection of particles with
the goal of causing selective tumor ischemia. The
practice has evolved from use of PVA toward the use of
calibrated microspheres in ascending sequential order
of sphere diameter to reach full stasis.

When compared to chemoembolization, there
are no level I studies demonstrating superiority
of chemoembolization to bland embolization for
patients with CLM. Proponents of bland embolization
believe that tumor death is caused by anoxia and
that chemoembolization achieves its endpoints
by this route. Bland embolization is thought to be
more repeatable owing to better preservation of
the hepatic arterial vasculature. This may be due to
reduced caustic effect of chemotherapeutic agents
on the intima. Though head-to-head studies are not
available, the ability of bland embolization to facilitate
extended repeat treatments has been shown®. Bland
embolization is cheaper than chemoembolization,
although this cost may be offset by the brief hospital
stay for the management of post-embolization
syndrome (categorized by fevers, chills, nausea, and
abdominal pain), which is more pronounced for bland
embolization than conventional chemoembolization.
Conventional chemoembolization still results in a high
systemic dose of chemotherapeutic agent, which
can result in systemic side effects, although this
has changed with the advent of drug-eluting bead
technologies. The intra-arterial use of outdated or
biologically irrelevant chemotherapeutic regimens (e.g.,
doxorubicin) intra-arterially has been challenged when
these agents are not necessarily used peripherally for
the same tumor. However, with the advent of drug-
eluting bead irinotecan chemoembolization this has
changed specifically to mCRC as described later.
Bland embolization can be effectively used to “paint”
tumors for post-embolization targeting and ablation
under CT guidance, similar to lipiodol in conventional
transcatheter arterial chemoembolization (TACE).
In the salvage setting, the cumulative toxicities of
TACE chemotherapeutic agent with prior lines of
chemotherapy, as well as possible resistance of
aggressive tumor biology to the chemotherapeutic
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regimens classically used in TACE, may weigh in favor
of the more repeatable bland embolization procedure.

On the new frontiers of bland embolization, in Japan
where they reported DEBIRI and radioembolization
to be less available, Tanaka et a/’*! have recently
undertaken a pilot study of questions relevant to the
current discussion. First, how does bland embolization,
a flow-directed procedure dependent on causing
ischemia, fare with tumors that are hypovascular (as
colorectal metastases classically are) relative to liver
parenchyma? Second, since bland embolization is
repeatable and preserves hepatic vasculature, can it
be performed less invasively through an implantable
port? Tanaka and colleagues have documented the
effects of 100-um microspheres on a patient with
metastatic rectal cancer with OS approaching 6 mo,
using no other therapies. Future systematic studies
might specify outcomes of bland embolization in
hypovascular liver metastases.

Another new frontier for bland embolization
will be the pre-ablation embolization setting. For
example, Tanaka et al’* have shown in pigs that bland
embolization pre-ablation is more effective than bland
embolization post-ablation, and that bland embolization
with 40-um microspheres enhances the efficacy of RFA
more than bland embolization with 250-um particles.
Future work might include embolization with novel
particles.

Chemoembolization

The literature regarding chemoembolization is the
strongest of all transcatheter methods. However, it is
important to note that the term chemoembolization
is a vast over-simplification given the variety of
methods used to perform this procedure [including for
example, the choice and dose of chemotherapeutic
agents, endpoint of treatment (stasis, near-stasis, or
neither), conventional vs drug-eluting bead utilization,
and post-treatment embolization with gelfoam or
other methods]. This non-standardization has made
meaningful meta-analysis of the chemoembolization
literature challenging. However, as will be described
later; the advent of drug-eluting beads may standardize
chemoembolization for patients with mCRC CLM.

The premise of chemoembolization is to combine
ischemia and chemotherapeutic penetration for
enhanced (ideally, synergistic) tumor destruction.
Conventional chemoembolization delivers the agent
mixed with lipiodol, which proponents believe
penetrates into the deepest vessels of the tumor
and allows embolization while slowly leeching
chemotherapeutic agent into the tumor. This method
also causes failure of the transmembrane pump!’®
thought to trap chemotherapeutic agent in cells. This
is sometimes followed by a proximal embolization
to reduce the pressure head of inflow and prolong
the interaction time between the embolic bolus and
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tumor cells. The chemotherapeutic agent and lipiodol
are prepared in the form of an emulsion in a method
described by Lo et a/”’*! in their randomized trial of
lipiodol TACE for HCC (not mCRC). However there
are other ways to chemoembolize. For example, the
original randomized controlled trial providing level
1 evidence for HCC (not mCRC) was performed
by Llovet et a/’! and used gelatin sponge with
doxorubicin (a technique no longer widely performed).
In contradistinction, drug-eluting beads are thought
to be a more reproducible mode of chemotherapeutic
agent delivery, achieving the endpoint of ischemia as
well as a more reliable chemical interaction with the
chemotherapeutic agent and reduced systemic leeching
of chemotherapy. For example, drug-eluting beads
bound to irinotecan were introduced in 2006. DEBIRI
has been shown to reduce systemic plasma levels by
75% when compared to intra-arterial irinotecan’®,

Factors that predict adverse events and hospital
length of stay after TACE are embolization to complete
stasis (P = 0.04), treatment with > 100 mg DEBIRI in
a single session (P = 0.03), lack of pre-treatment with
hepatic arterial lidocaine (P = 0.005), third or more
repeated TACE (P = 0.05), > 50% liver involvement (P
= 0.05), and pre-TACE bilirubin of > 2.0 g/dL""*%.

The only phase 3 randomized controlled trial
performed thus far by Fiorentini et a”®' randomized 74
patients with mCRC CLM to DEBIRI vs FOLFIRI. The
DEBIRI group had improved survival (22 mo vs 15 mo,
P = 0.031) and higher response rate (68.6% vs 20%)
and longer life (8 mo vs 3 mo, P < 0.001).

Most recently in 2015, Iezzi et al®®* have shown
phase II study results with DEBIRI + capecitabine
(PFS 4 mo, OS 7.3 mo) that are comparable to those
shown in the CORRECT trial (where regorafenib was
compared to best supportive care in 760 patients with
PFS 1.9 mo and OS 6.4 mo in the regorafenib group).
The available literature regarding TACE of CLM is
highlighted in Table 6.

Chemosaturation
Isolated liver perfusion is a complex open surgical
procedure requiring a perfusionist. In contrast, isolated
liver infusion, or chemosaturation is a minimally
invasive equivalent of isolated liver perfusion that
maintains normal hepatic arterial and portal vein
inflow. Instead, the hepatic vein drainage is isolated
and the chemotherapeutic agent is extracted from the
blood (with the newest filtration system extracting
approximately 93% of the melphalan) before returning
the blood to the systemic circulation. The procedure is
performed using triple access (right common femoral
and right jugular vein access for blood extraction/
filtration and re-entry respectively) and left hepatic
artery access (for infusion catheter placement into the
hepatic artery).

The proprietary device used for hepatic chemo-
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Table 6 Highlights of chemoembolization literature for colorectal liver metastases

Ref. Level of Year Study details Response rate PFS/TTP 1yrOS 2yrOS Median OS
evidence (SD, CR, PR) (mo) (mo)
Lang and Brown"*” n-2 1993 TACE, Doxorubicin 63 65% 22%
Prospective cohort, 46 patients
Hong et al™” I-2 2009 TACE, cisplatin + doxorubicin + mitomycin C 43% 10% 7.7
Retrospective cohort, 21 patients
Vogl et al*” -2 2009 TACE, mitomycin C alone or with 63 62% 28% 14
gemcitabine vs irinotecan
Prospective cohort, 463 patients
Albert et al”™ m-2 2011 TACE, cisplatin, doxorubicin, mitomycin C 43 3 36% 13% 9
Retrospective cohort, 121 patients
Martin et al"® n-2 2011 DEB-TACE (DEBIRI) 75% 19
Prospective cohort, 55 patients
Fiorentini et al”™ I 2012 DEB-TACE (DEBIRI) 80 7 56% 15
Randomized Controlled Trial, 74 patients,
DEBIRI vs FOLFIRI
Narayanan et al™*” n-2 2013 DEB-TACE (DEBIRI) 68.6 3 13.3
Retrospective cohort, 28 patients
Tezzi et al'™ -1 2015 DEB-TACE (DEBIRI) + Capecitabine 60 4 73

Prospective Phase I Trial, 20 patients

OS: Overall survival; TACE: Transcatheter arterial chemoembolization; TTP: Time to progression.

saturation is a 16 Fr system made by Delcath and
has two balloons on either side of a 7-cm fenestrated
catheter segment. Delcath performed a Phase II
clinical study of melphalan chemosaturation at the
National Cancer Institute in the United States enrolling
16 patients with late-stage CLMs. While the safety
profile was similar to the Delcath melanoma trial, the
efficacy signal from the mCRC study was inconclusive,
mainly because melphalan usage in the salvage setting
was limited due to cumulative toxicities from prior lines
of chemotherapy.

Of note, the isolated hepatic perfusion literature
is more robust, using mitomycin C, oxaliplatin, and
melphalan with and without tumor necrosis factor-a.
For example, Reddy et af®* studied 120 patients and
showed overall response rate of 59% with median
time to hepatic progression of 7 mo and median OS
of 17.4 mo; patients receiving hepatic artery infusion
of floxuridine benefited from a longer time to hepatic
progression (13 mo vs 6 mo). Perhaps this and other
surgical studies will continue to motivate research
into the future outlook of isolated hepatic infusion
(chemosaturation).

Radioembolization

Kennedy, one of the pioneers of the utilization of
radioembolization in CLMs, showed microdosimetry
results of intratumoral radiation delivery up to 1000
Gy™®*, This dose is made possible by the limited
penetrance of beta radiation. Radioembolization is
generally accepted to deliver 100 Gy to intrahepatic
tumors; a dose that is impossible using external
beam radiation due to radiation-induced liver disease
(which occurs at 30 Gy). The curative dose for
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adenocarcinoma mCRC is 70 Gy. It is important for
interventional oncologists to understand that the
dosimetry of radioembolization cannot be directly
compared to the absorbed dosimetry of external
beam radiation due to differences in radiobiology
between a continuous low dose-rate beta radiation
and intense but brief external beam photon radiation
pulsation®#,

In 2002, the FDA approved radioembolization
with SIR-spheres (20-60-um spheres, while terminal
arterioles are usually 10-40 um in diameter while
capillaries average 8 um in diameter for humans, and
3 um in rodents) based on a study by Gray et af*”’ that
administered resin microspheres through a hepatic
arterial infusion pump (whole liver treatment) in the
context of floxuridine (FUDR) and compared this to
FUDR alone. Tumor volume response (50% vs 24%),
carcinoembryonic antigen response (72% vs 47%),
median liver time to local progression (16 mo vs 10
mo) and survival (39% vs 29% at 2 years, 17% vs 6.5%
at 3 years, and 3.5% vs 0% at 5 years) all reached
statistical significance. There were no significant
differences in grade 3/4 toxicities or quality of life
measures. Unfortunately, the company funding the trial
did not extend this trial until reaching the OS endpoint.

The summary of current evidence for yttrium-90
is that there is a strong trend toward prolongation of
liver PFS, PFS, and the universal endpoint of OS when
yttrium-90 is added to systemic treatments in early
and late lines of treatment based on small randomized
controlled trials. The safety profile of yttrium 90
treatments, especially regarding gallbladder and
biliary complications, has matured over time and this
procedure has very low morbidity when done by well-
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Table 7 Highlights of yttrium-90 radioembolization literature for colorectal liver metastases

Ref. Level of Year
evidence

Study details Median OS Median PFS

(mo) (mo)

Kennedy et al™ I-2 2006 Phase II Prospective study 10.5
208 patients
Phase I, 20 patients 9.3
No prior chemotherapy (14.2 if had only liver-confined
SIRT + FOLFOX4 disease)
SIR-Spheres only
Phase T Prospective study 8.8 29
151 patients (61 colorectal)
Theraspheres only
Phase T Prospective study 10.6

Sharma et al™ -2 2007

Benson et al™*" n-2 2013

Lewandowski et al™™ -2 2014
214 patients
Theraspheres only
Phase T, 19 patients 149 5.2
Prior hepatic arterial and peripheral chemotherapy
SIR-Spheres only
Phase I Randomized controlled trial
74 patients
First-line SIRT +/- Regional chemotherapy
46 patients
Phase II Randomized Controlled trial
21 patients
First-line SIRT +/- 5-FU/LV
Phase I Randomized controlled trial
First-Line SIRT +/- 5-FU
Phase I Randomized controlled trial
Primary Endpoint: Progression free survival
Size: 532 patients
Phase I Randomized controlled trial
Primary Endpoint: Overall survival
Size: 490 patients
Phase I Randomized controlled trial
Primary Endpoint: Progression free survival

Sofocleous et al™*! -2 2014

Gray et al'™” I 2001 17 v 15.9

(P=0.18)

1590vs9.7
(P =0.001)
Liver PFS
Van Hazel et al™ I 2004 29.4v511.8
(P =0.008)

11.5vs4.6
(P < 0.004)
Hendlisz et al™* I 2010 10vs 7.3
(P=0.8)

550s2.1 (P =0.001)

SIRFLOX"™ I Ongoing

FOXFIRE™ I Ongoing

EPOCH™” I Ongoing

trained operators at experienced centers®®*,

The only randomized controlled trial comparing
SIRT + chemotherapy to systemic chemotherapy
alone was done by Van Hazel et ai®® who showed
statistically significant doubling in PFS when SIRT was
used as a first-line therapy. The forthcoming FOXFIRE
and SIRFLOX studies will carry this concept into the
modern chemotherapy regimens by using oxaliplatin in
combination with SIRT. EPOCH will investigate the use
of Theraspheres, glass microspheres that have a higher
per-sphere radiation dose and are less embolic than
SIR-Spheres resin microspheres. Some hypothesize
that Theraspheres may fare better because the
treatment is less embolic, which allows consistent
delivery of the entire radioactive dose without concern
for reflux, and facilitates oxygenation of the irradiated
tissue (tumor destruction in radioembolization
occurs by oxygen free-radical formation, therefore
embolization is actually counterintuitive in this setting).
The literature regarding radioembolization for mCRC
CLM is highlighted in Table 7.

Viroembolization
Herpes simplex virus (HSV)-1 is a virus that has been
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extensively studied and is known to use host cell
machinery to replicate upon gaining entry into cells.
Interestingly, the genome of HSV-1 is large but only
a few genes are necessary for replication. This leaves
space for genetic engineering to create a mutant
virus that can selectively infect tumor cells and, if
needed, be neutralized by administration of acyclovir (a
routinely available antiviral agent).

Specific to CLMs, interventional oncology will
continue to play a role in advanced anti-cancer
therapy due to the value of the biological payload and
the need for organ-directed delivery, especially with
the relatively hypovascular CLMs. A phase I open-
label dose escalation study at MSKCC demonstrated
safety of delivery of neoadjuvant NV1020 via the right
hepatic artery in a tumor-specific fashion®".

INTERVENTIONAL RADIOLOGY
MANAGEMENT OF CONCURRENT
COLORECTAL METASTASES TO THE LUNG

The biological basis for an organ-directed treatment
plan focused on liver progression has already been
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established above regarding mCRC. However, the liver
is not the only location to receive a metastatic burden.
Rectal cancer can metastasize directly to the lungs
via its own venous drainage that bypasses the liver to
drain directly into the inferior vena cava. Colon cancer
metastases typically go first to the liver then to the
lung soon thereafter.

Surgical metastasectomy (sublobar; wedge or
segmental resection) for patients with limited (a term
not yet consistently defined) pulmonary metastases
can yield 5-year OS of up to 60%***,

However, ablation already is comparable to surgery
for these patients: (1) RFA series of colorectal lung
metastases have yielded 1-, 2- and 3-year survival
rates of up to 95%, 72% and 57%, respectively®®°!;
(2) cryoablation, similarly, 1- and 3-year survival rates
of 91% and 60%, respectively™™®; and (3) microwave
ablation with 1- and 2-year survival rates of 91.3%
and 75%"%.

Moreover, the goals of therapy must be kept in
mind. Most of these patients are not candidates for
cure, which means that repeated interventions will
be necessary in the future. Repeat thoracotomies
could be considered, but are technically challenging,
expensive, carry risk of morbidity, and remove more
normal lung tissue. Even so, if surgery is preferred,
some patients will not be surgical candidates,
especially if they have had previous lung resections,
comorbid medical conditions, or even pulmonary
toxicity from irinotecan, oxaliplatin, tyrosine kinase
inhibitors, and monoclonal antibodies. Toxicity is not
commonly reported but may increase as survival
increases and patients undergo multiple lines of
chemotherapy™® %), Although radiation therapy can
be honed to a specific location (SABR; Stereotactic
ABlative Radiotherapy), the toxicity of pulmonary
fibrosis in the region can cause extensive morbidity
with repeated infections and remains understudied.
Furthermore, repeated thoracotomy and post-radiation
thoracotomy (with fused tissue planes) are technically
challenging procedures. Proponents of surgery indicate
that palpation of the lung can detect nodules that are
below the imaging threshold, however, the survival
impact of “drive-by” resection of subclinical nodules
newly detected at surgery has not yet been validated
in the literature, nor has it been compared to simply
following these nodules and ablating them later in this
population, which is not curable and will likely need
further interventions during survival. Percutaneous
ablation can provide chemotherapy holidays of up to
20 mo in the setting of oligometastatic disease and
close CT follow-up™*®®,

Compared to surgery, interventional percutaneous
CT-guided ablation is fast, minimally invasive,
preserves quality of life (can be done as an outpatient
procedure), repeatable as necessary, does not
interfere with chemotherapy, and has limited effects
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on pulmonary reserve and function. The lungs have
natural properties that facilitate ablation, in that air is a
natural thermal insulant (for heat or cold), the regional
blood vessels are conspicuous without contrast
enhancement, and the parenchymal background
allows CT tracking of ablation volume.

For ablation of lung metastasis from colorectal
cancer, RFA remains the most studied technique with
local recurrence of 9% in a series by Lencioni et a/*®.,
Yan et al®”! reported a local recurrence rate of 38%
but included more tumors of larger size, showing local
PFS of approximately 74% at 1 year and 57% at 2
years. Technical factors do play a role in outcome,
as carbonization has a more detrimental effect in the
lungs. An oversized active zone relative to the tumor
can cause charring of the adjacent lung penumbra,
which can rapidly increase impedance and shut off
certain RFA systems. This may lead to undertreatment
of the tumor and therefore probe selection is
paramount.

CONCLUSION

Patients with advanced mCRC are living longer
than they did previously due to major advances
in treatment. Next-generation systemic therapies,
coupled with modern, minimally invasive percutaneous
ablative and transcatheter angiographic treatments
supported by forthcoming large clinical trials will define
the new frontiers of management for patients with
metastatic colon and rectum adenocarcinomas.
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