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ABSTRACT

Introduction: Image-guided percutaneous microwave
ablation (MWA) is becoming a more common treatment
option for patients with primary and metastatic lung ma-
lignancies. Nevertheless, there is limited literature on the
safety and efficacy of MWA compared with standard-of-care
therapy, including surgical resection and radiation. This
study will report the long-term outcomes after MWA for
pulmonary malignancies and investigate the factors related
to efficacy, including lesion size, location, and ablation
power.

Methods: Retrospective single-center study analyzing 93
patients who underwent percutaneous MWA for primary or
metastatic lung malignancies. Outcomes included immedi-
ate technical success, local tumor recurrence, overall sur-
vival, disease-specific survival, and complications.

Results: At a single institution, 190 lesions (81 primary and
109 metastatic) were treated in 93 patients. Immediate
technical success was achieved in all cases. Freedom from
local recurrence was 87.6%, 75.3%, and 69.2% and overall
survival was 87.7%, 76.2%, and 74.3% at 1 year, 2 years,
and 3 years, respectively. Disease-specific survival was
92.6%, 81.8%, and 81.8%. The most common complication
was pneumothorax, which occurred in 54.7% (104 of 190)
of procedures, with 35.2% (67 of 190) requiring a chest
tube. No life-threatening complications occurred.

Conclusions: Percutaneous MWA seems safe and effective
for treatment of primary and metastatic lung malignancies

and should be considered for patients with limited meta-
static burden and lesions less than 3 cm in size.

Copyright © 2023 Published by Elsevier Inc. on behalf of the
International Association for the Study of Lung Cancer. This
is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

Lung cancer and lung metastases are significant
causes of morbidity and mortality."”* Traditional stan-
dard of care, wide surgical resection, although effective,
carries significant risk and is not possible in all patients.
Therefore, standard-of-care treatment for lung cancer
has shifted in the past two decades, now favoring more
targeted approaches, including limited resections such as
wedge or segmental resection.” > Within that paradigm,
percutaneous thermal ablation (PTA) and stereotactic
body radiation therapy (SBRT) have become increasingly
common modalities for treatment of pulmonary
malignancies.

PTA was found to have similar outcomes in overall
survival and disease-specific survival to both SBRT and
surgical excision.”” Although PTA generally falls short of
both modalities in reported local recurrence outcomes, it
continues to offer distinct advantages. PTA leaves pul-
monary function virtually unchanged, even in patients
with a single lung®; this allows patients with tenuous
pulmonary function to safely undergo definitive local
management, active patients to continue their chosen
lifestyle, and allows multiple retreatments in refractory
cases. PTA also leaves the lung and mediastinum unir-
radiated and with minimal scarring, facilitating surgical
resection or radiation therapy if subsequently required.
In addition, the postoperative course is shorter and
better tolerated compared with surgical excision.”

Multiple methods of percutaneous ablation are
currently in use, including radiofrequency ablation (RFA),
cryoablation, and microwave ablation (MWA). Each of
these modalities comes with relative advantages and
disadvantages. RFA is the oldest and most extensively
researched modality and relies on heat generated by
alternating current directed into the tissue through a
multipronged probe.'® RFA causes heat sink effect when
applied near medium-to-large-sized vessels and has poor
thermal penetration through charred tissue and aerated
lung, limiting the effective ablation zone size."'*""

Cryoablation uses extreme cold to freeze the cells and
multiple freeze-thaw cycles to cause cell death through
membrane lysis and vascular obstruction. This process
preserves extracellular collagen architecture making it
safer around the bronchi, while also causing less pain
and skin necrosis when used near the chest wall."’
Cryoablation has long procedure times owing to the
multiple necessary freeze-thaw cycles. Rates of pneu-
mothorax are also higher than other thermal ablation
modalities, likely due to its use primarily on the pe-
ripheral masses and frequent use of multiple probes.'*

MWA is relatively new and has less published data
relative to RFA. MWA generates heat by oscillating water
molecules with electromagnetic waves in the microwave
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energy range.'” It has shorter procedure times, causes
less heat sink effect, and is not affected by thermal
resistance in the charred tissue or aerated lung, in
contradistinction to RFA.'”'" The potential of more
reliable, homogeneous, and larger ablation zones is
promising, though this advantage has yet to yield sig-
nificant clinical differences in published data, and MWA
remains similar to RFA in terms of outcomes and
complication profile."**”

Here, we present a long-term retrospective analysis
of safety and efficacy of patients with primary or meta-
static lung lesions treated with percutaneous MWA at a
single center.

Materials and Methods
Study Design

All patients who underwent percutaneous MWA for
lung malignancy between December 2011 and December
2017 were reviewed for inclusion into this study.
Approval was obtained from the institutional review
board at the Cedars-Sinai Medical Center before data
collection, and all patients gave written consent to use
their deidentified medical information for research
purposes.

Before the treatment, all patients were evaluated by a
multidisciplinary team consisting of pulmonology,
oncology, thoracic surgery, and interventional radiology.
An in-person evaluation with the performing interven-
tional radiologist was also performed with detailed his-
tory, physical examination, relevant laboratory studies,
and computed tomography (CT) imaging of the chest.
Patients were referred for MWA owing to medical
comorbidities preventing surgery, tumor burden, or pa-
tient preference to avoid surgery.

Exclusion criteria for MWA included inability to
tolerate general anesthesia and lung lesions greater than
4 cm in maximum axial diameter. Although most patients
had limited or no metastatic disease beyond the ablation
target area, several patients with extensive metastases
were accepted on a palliative basis.

Ablation Procedure

All ablations were performed under general anes-
thesia, by a single interventional radiologist, using the
NEUWAVE Microwave Ablation System with one or two
NeuWave PR 15ga or 17ga probes (NeuWave Medical,
Inc., Madison, WI). Preprocedural computed tomography
scan was obtained for lesion localization and assessment
of lesion size. Lesion size was evaluated on the basis of
maximum axial diameter.

Ablation was initially performed for 5 minutes under
continuous temperature and intermittent CT monitoring.
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Further ablation was performed in 2 to 5-minute in-
crements until the criteria for technical success was met
or ablation time exceeded 15 minutes.

A limited postprocedural CT was obtained to assess
for pneumothorax. Chest tube was placed for any
symptomatic pneumothorax and all pneumothoraxes
greater than 20% of hemithoracic volume. Postablation,
the patients were observed in postanesthesia care unit
for 4 hours. Radiographs were obtained at 1 and 3 hours
to rule out pneumothorax. At 4 hours postprocedure,
patients without complications were discharged home.

Patients with chest tubes or uncontrolled pain were
admitted for observation. The chest tubes were placed to
suction until the pneumothorax resolved radiographi-
cally. At that time, if there was no evidence of air leak,
the chest tube was removed and patient was discharged
home. All patients with persistent air leak 48 hours after
admission were discharged with a Heimlich valve and
short-interval follow-up.

Outcomes

Technical success, defined as complete coverage of
the target lesion by new ground-glass opacity with a
minimal margin of at least 5 mm, was determined by
intraoperative CT. Maximum temperature, power, and
duration were collected from the NeuWave Call Home
ablation device records. Total ablation energy is re-
ported in k] and was determined by multiplying ablation
time by average procedure power and number of
probes used.

Local recurrence, defined as new or enlarging soft
tissue (ground glass for some adenocarcinomas) at the
ablation site, was determined by noncontrast chest CT
at 1 month, 3 months, and 6 months in the first year
after MWA, after which follow-up CT was obtained
every 6 months. In patients with positive positron
emission tomography (PET)-CT result before ablation,
the first follow-up PET-CT was performed at 6 months
and again every 6 months for a minimum of 2 years.
For PET-CT, recurrence was defined as any lesion
increasing in size or PET activity at the ablation site,
with standard uptake value greater than 2.5 at 6
months or more postablation. All CTs and PET-CTs were
evaluated by an expert body radiologist with at least 10
years in clinical practice, in addition to the interven-
tional radiologist. Consensus between readers was
achieved in all follow-up imaging (Representative ex-
amples of follow-up imaging are provided in figures 3
and figures 4).

Mortality and cause of death were determined
through review of the medical center-integrated elec-
tronic medical record or through follow-up with the
referring physician. Complications were evaluated
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through review of nurse and physician documentation in
the electronic medical record.

Statistics

Evaluation was performed on all patients (190 le-
sions in 93 patients) with an additional subanalysis on
patients with primary lung adenocarcinoma (77 lesions
in 56 patients). Numerical variables were summarized
by mean and SD or median and interquartile range (IQR)
and range. Categorical variables were summarized by
frequency and percentage.

Recurrence and survival times were estimated by
the Kaplan-Meier method and were compared across
groups by the log-rank test. For ordinal groups (e.g.,
tumor size), recurrence and survival also were
compared using the trend test. Freedom from local
recurrence was evaluated at the lesion level, whereas
overall survival and disease-specific survival were
evaluated at the patient level. For patients with multiple
procedures, survival was calculated from the time of the
first procedure.

Local recurrence was evaluated with respect to
lesion and procedure characteristics. Lesions were
grouped into size categories of less than 1 cm, 1 to less
than 2 cm, 2 to less than 3 cm, and greater than or equal
to 3 cm in maximum axial diameter; location categories
of peripheral, middle, or central on the basis of axial
distance from the hilum; quartiles on the basis of
average ablation power; and evaluated by log-rank and
trend tests.

A two-sided 0.05 significance level was used
throughout. Statistical analysis was performed with SAS
version 9.4 (SAS Institute, Cary, NC) and Microsoft Excel
version 2108 (Microsoft Corporation, Redmond, WA).

Results
Study Patients

Retrospective analysis was performed on 93 patients
(median age 70 y, IQR: 64-78, range: 33-90) who un-
derwent CT-guided percutaneous MWA of 190 lung le-
sions (median size 12 mm, IQR: 9-18, range: 4-39)

Table 1. Patient Demographics

Patient Demographics

Sex 41/93 M (44%)

52/93 F (56%)

69 y (range: 33-90)

2.0 nodules (range: 1-35)

13.3 mm (range: 4-39)

Average age at time of procedure
Average lung nodules per patient

Average maximum axial
diameter

Average approximate axial
cross-sectional area

177 mm? (range: 16-1521)

F, female; M, male.
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(Table 1). A total of 77 nodules were primary lung
adenocarcinoma, four were primary lung squamous cell
carcinoma, and 109 were metastases (including 51 tu-
mors of epithelial origin, 56 sarcomas, and two mela-
nomas). Additional subanalysis was performed on the
primary lung adenocarcinoma subgroup of 56 patients
with 77 lesions ablated. Histologic diagnosis with biopsy
at time of procedure was performed for 16 lesions (16 of
190, 8.4%). Diagnosis in most cases was made on the basis
of overwhelming clinical evidence, imaging data, and prior
pathologic data for morphologically similar masses. Me-
dian follow-up time was 895 days (range: 118-2470 d).

In cases of local recurrence, multidisciplinary dis-
cussion between oncology, radiation oncology, pulmo-
nology, thoracic surgery, and interventional radiology
determined follow-up treatment. Patient comorbidities,
tumor size and location, overall prognosis, and patient
preference were all considered in determining appro-
priate follow-up treatment.

Three patients were excluded from analysis owing
to immediate loss of follow-up. Patients within the anal-
ysis have marked heterogeneity in terms of oncologic
and treatment history. Metastatic primaries include
breast and gastrointestinal adenocarcinoma, melanoma,
sarcomas of various etiologies, and several others
(Table 2). Some patients underwent MWA as first-line
treatment, whereas others were treated palliatively af-
ter first line treatment with one or more other modalities
(Supplementary Appendix a). Multiple patients under-
went more than one ablation procedure, either to address
multiple lesions or to treat recurrent lesions. A total of
seven patients (eight nodules) were retreated with MWA
for local recurrence, with subsequent local recurrence
occurring at five of the eight re-ablated nodules.

Ablation Procedure

Ablation was performed at varying power levels
throughout this study. Initial ablations were performed
at 60 W. After several pneumothoraxes, this was lowered
out of an abundance of caution to 20 W and later
incrementally increased to 65 W (Supplementary
Appendices b and c). There was no significant relation-
ship between pneumothorax rate and power.

Ablation time was generally limited to 15 minutes.
Two cases were extended beyond 15 minutes of total
ablation time owing to lower-than-expected tempera-
tures. The median ablation time was 10 minutes (IQR: 7-
14, range: 2-19), and mean ablation power was 42.9 W
(SD = 13.8 W).

One probe was used for most of the lesions (132 of
190, 69.5%). Two probes were used for large lesions to
increase the ablation zone, often required for lesions
larger than 2 cm. Two probes were also used for smaller
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Table 2. Lesion Etiology

Number Frequency

Lesion Etiology (Nodules) (of 190), %
Adenocarcinoma (breast) 2 1.1
Adenocarcinoma (colon) 5 2.6
Adenocarcinoma (esophagus) 5 2.6
Adenocarcinoma (lung) 77 40.5
Adenocarcinoma (rectum) 9 4.7
Carcinoid (lung) 1 0.5
Fibrolamellar carcinoma 2 1.1
HCC 2 1.1
Head and neck adenocystic 13 6.8

carcinoma
Hemangioepithelioma 1 0.5
Invasive ductal carcinoma 4 2.1
Leiomyosarcoma (abdomen) 4 2.1
Leiomyosarcoma (left 1 0.5

supra-acetabular)
Leiomyosarcoma (renal) 8 4.2
Leiomyosarcoma (thigh) 3 1.6
Leiomyosarcoma (uterine) 35 18.4
Metastatic melanoma 2 1.1
Renal cell carcinoma 4 2.1
SCC (lung) 4 2.1
Sarcoma (L calf) 1 0.5
Sarcoma (buttocks) 2 1.1
Sarcoma (left breast and 2 1.1

chest wall)
Thymic carcinoma 2 1.1
Urothelial carcinoma 1 0.5

HCC, hepatocellular carcinoma; L, left; SCC, squamous cell carcinoma.

lesions if a single probe could not penetrate the lesion. In
those cases, two probes were placed on either side of the
lesion in a bracket configuration.

Efficacy

Immediate technical success was achieved in all
cases. Freedom from local recurrence was 87.6%, 75.3%,
and 69.2% at 1 year, 2 years, and 3 years, respectively,
for all patients (Supplementary Appendix d). Freedom of
local recurrence in the primary lung adenocarcinoma
subgroup was similar at 86.4%, 70.4%, and 67.7%,
respectively (Supplementary Appendix e).

Rate of local recurrence was statistically related to
lesion size, with lesions less than 1 cm less likely to recur
than lesions in the larger categories (log-rank p = 0.006,
trend p = 0.008) (Fig. 1). There was also a statistically
significant relationship between local recurrence and
lesion location (Fig. 2). Measured from the hilum, lesions
with a central or peripheral location were significantly
more likely to recur compared with those in a middle
location (p = 0.009 and p = 0.026, respectively).

Ablation power (W) was not significantly related to
rate of recurrence (log-rank p = 0.42, trend p = 0.92)
(Supplementary Appendix f). Increased rates of recur-
rence in the first quartile are suggested but not
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Figure 1. Freedom from local recurrence by size.

significant at p equals to 0.109. There was no statistically
significant relationship between recurrence rate and
ablation energy (k]) or ablation time (s) (Figs. 3 and 4).

Survival

Overall survival was 87.5%, 76.2%, and 74.2% at 1
year, 2 years, and 3 years, respectively, for all patients
(Supplementary Appendix g). Disease-specific survival
was 92.6%, 81.8%, and 81.8% at 1 year, 2 years, and 3
years, respectively (Supplementary Appendix h). For
the primary lung adenocarcinoma subgroup, overall
survival was 83.6%, 74.9%, and 74.9% and disease-
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specific survival was 92.1%, 82.2%, and 82.2% at 1
year, 2 years, and 3 years, respectively (Supplementary
Appendices i and j).

Complications

No cases of procedure-related mortality were
observed. There were no cases of significant morbidity,
including but not limited to new long-term oxygen
requirement, air leak requiring surgery, postprocedural
hypoxia requiring intubation, or hemorrhage requiring
blood transfusion (see Supplementary Appendix k for
complications).
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Figure 3. Preoperative and intraoperative CT and preoperative and postoperative PET/CT images revealing progressive
decrease in size and hypermetabolism of left lower lobe metastasis from contralateral lung adenocarcinoma. CT, computed

tomography; PET, positron emission tomography.

Two cases of phrenic nerve paralysis occurred in
this series. In one patient, this was permanent but
asymptomatic and discovered on subsequent chest ra-
diographs. The second patient experienced temporary
phrenic nerve paralysis, which resolved by 1-year post-
procedure (proven by fluoroscopy). During that time, the
patient experienced mild dyspnea but did not require
supplemental oxygen.

Pneumothorax was the most common complication,
occurring in 104 of 190 cases (54.7%). Chest tubes were
placed in 67 cases (35.2%), 46 of which were removed in
less than 24 hours (24.2%). Two patients received
Heimlich valves for persistent air leak 48 hours after
admission. There was no statistically significant differ-
ence in pneumothorax or other complication rates at
varying power levels.

Discussion

Our rate of recurrence compares favorably with
those previously published for RFA and MWA, ranging
from 33% to 57% and 56% to 61% freedom from local
recurrence at 3 years, respectively.”'®*" Overall

survival also compared favorably, with 1-, 2-, and 3-
year overall survival ranging from 77.6% to 95%,
58.47% to 83%, and 36% to 76% for RFA, and 65% to
89%, 44.9% to 63%, and 24.6% to 45.5% for MWA,
respectively,®/1#16:1819.20.21-23 'The fayorable results
relative to other PTA studies are likely partially
attributable to patient demographics and exclusion
of patients with lesions larger than 4 cm. Although
early PTA study cohorts were comprised largely of
medically inoperable patients, we had a number of
relatively healthy patients undergoing PTA as first-line
treatment owing to patient preference to avoid
surgery.®?%%3

Our freedom from local recurrence was worse than
typically reported after SBRT, which has been estimated
as 97%, 92%, and 88% at 1 year, 2 years, and 3 years,
respectively, for patients with stage I NSCLC.® Freedom
from local recurrence was also worse compared with
surgical wedge resection, which has reported 5-year
disease-free survival of 91.6% to 97% for treatment of
T1A NSCLC.>**

Overall survival was generally better than SBRT,
which has been reported as 85%, 68%, and 56% at 1
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Probe placement B

Figure 4. Preoperative, intraoperative, and postoperative CT images revealing progressive increase in size of right lower lobe
adenocarcinoma after ablation, consistent with recurrence. Patient was rotated at time of ablation; note the relative
location of the fissure and the adjacent vessels and airway (white circles). CT, computed tomography.

year, 2 years, and 3 years, respectively, for stage I
NSCLC.° Our survival outcomes were similar to wedge
resection, which is reported as 88.6% and 79.3% at 1
year and 2 years, respectively, and 71% at 5 years for
stages IA to IB lung cancer.”’

The high rate of pneumothorax in our cases (104 of
190, 54.7%) is likely multifactorial, with observational
and procedural causes. All ablations in this study were
performed under general anesthesia and positive pres-
sure ventilation. Although this approach provides
greater respiratory control and patient comfort, it likely
increases risk of pneumothorax. Patients were also un-
der close observation, with at least two postprocedural
radiographs required before discharge. Furthermore,
more than one-third of pneumothoraxes were subclini-
cal, requiring no supplemental oxygen and resolving

without chest tube. Of 67 chest tubes placed, 46 (68.6%)
were removed in less than 24 hours, and no air leak
requiring surgery occurred.

Several strategies were considered to decrease rates
of pneumothorax in the future. Use of moderate seda-
tion rather than general anesthesia with intubation has
been hypothesized to decrease pneumothorax rates
owing to the lack of positive pressure ventilation.
Positioning the patient in the lateral decubitus position
with the target lung down decreases respiratory motion
and may also reduce rates of pneumothorax. Both ap-
proaches have their trade-offs, however; general anes-
thesia allows for greater control over breathing and
more precise probe placement than moderate sedation,
and lateral decubitus positioning limits the potential
approach trajectories.
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PTA for treatment of pulmonary malignancy offers
many attractive benefits than surgery. It is far less
invasive, requires shorter hospital stays, and incurs
lower procedural costs.””?° Complications in PTA are
typically less severe and easier to manage, and there are
few reported long-term complications.'**° Although its
rates of local control are often reported to be inferior to
surgical treatment, overall survival is similar, despite the
more severe medical comorbidities on average in pa-
tients undergoing PTA relative to those undergoing
Surgery.7'9'14'15

Because of the minimally invasive and precise nature
of PTA, a wide range of patients can be treated with
either curative or palliative intent or retreated in the
case of tumor recurrence. Many of those patients would
have no safe surgical alternative. Anecdotally, one pa-
tient at this institution exhibits normal pulmonary
function tests despite receiving more than 35 separate
MWA treatments in several years for pulmonary me-
tastases from uterine leiomyosarcoma. This sort of
palliative management would not be possible with SBRT
or surgery.

PTA faces several limitations, specifically in treat-
ment of large lesions. Lesion size greater than 3 cm has
been consistently reported to increase rates of recur-
rence, and although we had few lesions larger than 3 cm,
we saw similar effects in our study.'’!>!%21.20.26.27

We also found significantly increased rates of recur-
rence at central and peripheral lesions. Recurrence in
central lesions is likely related to “zones of resistance” as
described by Al-Hakim et al,”® which revealed smaller
ablation zones with equal microwave energy deposited.
These “zones of resistance” were generally near and
inferior to the hilum and likely caused by heat sink effect
from mediastinal vasculature. Recurrence in peripheral
lesions was more surprising, but it is likely attributable
to the difficulty in delivering adequate thermal energy to
the peripheral lesions while avoiding damage to the
pleura.

Synergy between systemic chemotherapy or immu-
notherapy and PTA is an exciting avenue of research to
potentially improve the efficacy of PTA. The synergistic
effect between chemotherapy and PTA has been attrib-
uted to increased local concentrations of pharmaceutical
agents caused by focal hyperthermia during the ablation
procedure.'”’" A more targeted mechanism involving
cryotherapy and immunotherapy has been proposed, in
which the large quantity of intact antigen released dur-
ing cryoablation potentiates the immune system to ma-
lignant cells.'’ Irreversible electroporation, a new
technology which causes cell death through short elec-
trical pulses, may further improve our ability to effec-
tively treat neoplastic lung lesions with minimal damage
to healthy tissue."”*’

JTO Clinical and Research Reports Vol. 4 No. 2

This is the first study of its kind to investigate
recurrence rates related to power in MWA. Although we
found no significant relationship between power applied
at time of ablation and rate of recurrence, there was a
suggestion of increased rates of recurrence at the lowest
quartile power level (p = 0.109). There was no signifi-
cant increase in pneumothorax or other complications at
power levels up to 65 W.

In conclusion, MWA seems to be a safe and effective
treatment for malignant pulmonary lesions. Although
local recurrence rates are worse than surgical resec-
tion or SBRT, overall survival is similar, the technique
less invasive, and complications less severe. In general,
patients who are not amenable to surgery with stage 1
primary pulmonary malignancy or pulmonary oligo-
metastases, with lesions less than 3 cm in size,
should be considered for PTA. Educating providers on
its indications, strengths, and weaknesses will be
imperative as PTA becomes a more common treatment
option. Further research into synergy between sys-
temic therapy and PTA and new techniques such as
irreversible electroporation reveal exciting potential
to further improve the percutaneous treatment of
cancer.

Multiple limitations are present within this study.
This was a single-center retrospective study with limited
sample size, and, as such, patient demographics may not
generalize to other patient populations. There was
marked heterogeneity in patient demographics, lesion
primary, stage, number of lesions ablated, and prior and
concurrent treatment, which may diminish or exaggerate
some outcomes we observed. Histologic confirmation
was performed for a minority of treated tumors in this
series, and lack of definitive tissue diagnosis could
potentially have a small effect on survival and efficacy
outcomes.

Our rationale for including patients with such a
wide range of pathologies and comorbidities is our
belief that thermal tumor destruction does not
discriminate on the basis of a histologic basis and that
the effectiveness of thermal ablation is not dependent
on tumor composition, but is rather related to tumor
size and adequate energy delivery. The variability in
our patient population reveals the safety of this pro-
cedure across a wide spectrum of medical conditions
and contexts.

Future prospective or large matched retrospective
studies would be helpful in clarifying clinically signifi-
cant differences between different MWA, surgery, and
radiation therapy. No prospective comparative studies
have been performed, and comparison of prior retro-
spective studies is complicated by demographic, proce-
dural, and outcome heterogeneity. Further studies will
be helpful in clarifying the role of MWA relative to SBRT
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and limited surgery, and ongoing research coupling
immunotherapy with PTA offers potential for exciting
new treatment paradigms in the future.
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