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Abstract
The non-small cell lung cancer (NSCLC) patients that experienced good clinical response to epidermal growth factor receptor-
tyrosine kinase inhibitor (EGFR-TKIs) will ultimately develop acquired resistance. This retrospective study was performed to explore
the potential survival benefit of microwave ablation (MWA) therapy in epidermal growth factor receptor (EGFR)-mutant NSCLC that
developed extra-central nervous system (CNS) oligoprogressive disease during TKI treatment.
We retrospectively analyzed 54NSCLC patients with EGFRmutations who showed a clinical benefit from initial EGFR-TKI therapy

and developed extra-CNS oligoprogressive disease at our institutions. Twenty eight patients receivedMWAas a local therapy for the
metastatic sites and continued on the same TKIs (MWA group). The following 26 patients received systemic chemotherapy after
progression (chemotherapy group). The progression-free survival (PFS1) was calculated from initiation of targeted therapy to first
progression. Progression-free survival (PFS2) was defined from first progression to second progression after MWA or
chemotherapy. Overall survival (OS) was calculated from the time of diagnosis to the date of last follow-up or death.
The median PFS1 for both groups was similar (median 12.6 vs. 12.9 months, HR 0.63). However, the MWA group patients had a

significantly longer PFS2 (median 8.8 vs. 5.8 months, hazards ratio [HR] 0.357) and better OS (median 27.7 vs. 20.0, HR 0.238) in
comparison with chemotherapy group. Multivariate analysis and the internal validation identified MWA as the main favorable
prognostic factor for PFS2 and OS. In the MWA group, the median PFS2 for complete ablation was significantly longer than that for
incomplete ablation (11 vs. 4.2 months, HR 0.29, P<0.05).
MWA with continued EGFR inhibition might be associated with favorable progression-free survival (PFS) and OS in patients with

extra-CNS oligometastatic disease. MWA as a local therapy for extra-CNS oligometastatic disease should be considered for NSCLC
with acquired resistance to EGFR-TKIs.

Abbreviations: BS = bone scintigraphy, CT = computed tomography, EGFR = epidermal growth factor receptor, MRI = magnetic
resonance imaging, MWA =microwave ablation, NSCLC = non-small cell lung cancer, OS = overall survival, PET/CT= positron emission
tomography/CT, PFS = progression-free survival, RECIST = response evaluation criteria in solid tumors, TKI = tyrosine kinase inhibitor.
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1. Introduction 2. Materials and methods
Activating epidermal growth factor receptor (EGFR) mutations
occur in 10 to 20% of patients with non-small cell lung cancer
(NSCLC) in North American and European populations and in
up to 60% among Asians populations.[1] Treatment of EGFR-
mutant NSCLC with specific tyrosine kinase inhibitor (TKI) that
target EGFR, such as gefitinib, erlotinib or afatinib, has led to
remarkable tumor shrinkage and improvement in progression-
free survival (PFS) and quality of life compared with standard
chemotherapy.[2–4] Based on the results of numerous studies,
EGFR sensitizing mutant advanced NSCLC patients should
receive first-line epidermal growth factor receptor-tyrosine kinase
inhibitor (EGFR-TKIs) treatment.[3,5–7]

Despite the initial advancement of these agents, most patients
ultimately develop acquired resistance to such TKIs after 1 to 2
years.[3,4,8,9] Several resistant mechanisms have been identified,
such as T790M missense mutation, amplification of MET,
activation of alternative pathways (IGF-1, HGF, PI3CA, AXL),
and, in rare instances, transformation to small-cell
histology.[10–16] Although studies of second-generation, irrevers-
ible EGFR-TKIs and other novel agents are ongoing, there are no
currently approved targeted therapies specific for treatment of
such patients upon progression. Cytotoxic chemotherapy alone
used to be the standard therapeutic option at the time of
progression while continuation of TKI therapy by itself or in
combination with chemotherapy seems to provide continued
clinical benefit.[17–19] It may be in accordance with the tumor
heterogeneity in the development of resistance to targeted
therapies and minor tumor cell populations will still be sensitive
to the previous EGFR-TKIs.
Different patterns of progressive disease may represent

different biological molecular mechanisms. So, it is important
to distinguish among these patterns as different therapeutic
strategies may apply. Considering the growth rate and number of
growing tumour lesions, progressive disease during TKI
treatment can be generally distinguished in 3 patterns: intracra-
nial disease progression, development of 1 or few distant
metastatic sites while the patient remains asymptomatic, and
systematic and/or symptomatic disease progression.[20,21] The
first two fall into the general term of oligoprogressive disease.
Typically, the definition of oligoprogressive disease refers to the
presence of fewer than 5 discrete metastatic sites. Local therapy
with continued EGFR inhibition has been shown to be effective
for treating patients with oligoprogressive disease and associated
with long PFS and OS.[22,23] As a new thermal ablation method,
microwave ablation (MWA) for NSCLC is likely to be
increasingly used, given its theoretical advantages over radio-
frequency ablation (RFA) including a less severe heat sink effect
and faster, greater heating.[24] We previously reported that
advanced and medically inoperable stage I NSCLC could benefit
from MWA therapy. Major complications as a result of MWA
are rare and tolerable.[25–28] Therefore, we performed the
retrospective multicenter study to explore the potential benefit
of MWA in treating EGFR acquired resistance NSCLC with
extra-CNS oligoprogressive disease.
2

2.1. Patients and eligibility

We conducted a retrospective multicenter study at Shandong
Provincial Hospital Affiliated to Shandong University, Sun Yat-
sen University Cancer Center, JinanMilitary General Hospital of
Chinese People’s Liberation Army andWeifang People’s Hospital
Affiliated to Weifang Medical University between March 2010
and January 2016. Patients eligible for inclusion in this
retrospective analysis included histologically or cytologically
proven EGFR-mutant NSCLC treated with erlotinib or gefitinib,
objective clinical benefit from erlotinib or gefitinib monotherapy,
experienced progression of disease despite the maintenance of
erlotinib or gefitinib. EGFRmutations (exon 19 deletions or exon
21 L858R mutations) were examined either through direct
sequencing or allele-specific polymerase chain reaction assays.
Objective clinical benefit of EGFR-TKIs was defined by either:
complete or partial response (CR or PR), or durable stable
disease (≥6 months) according to the criteria for acquired
resistance proposed by Jackman et al.[9] We collected initial
baseline clinical characteristics including sex, age at diagnosis,
smoking status, tumorhistology, prior therapy, date of diagnosis of
any known extra-CNS involvement and sites of metastatic disease
of all enrolled patients by retrospective collection from electronic
records.
This study was performed in accordance with the declaration

of Helsinki and the ethical guidelines and regulations of China.
The protocol was approved by the ethics committees of each
center before the initiation of enrollment. Written informed
consent was obtained from all patients before enrollment in the
study.

2.2. Treatment and follow-up

All EGFR-mutant patients received erlotinib or gefitinib starting
at 150mg or 250mg once a day. Patients received routine chest
computed tomography (CT) every 1 to 2 months to assess the
local response according to the response evaluation criteria in
solid tumors.[29] Additional procedures including CT, magnetic
resonance imaging, bone scintigraphy and positron emission
tomography/CT were applied to evaluate extrapulmonary
symptoms and metastatic sites. All patients randomly received
MWA or chemotherapy after progression on EGFR-TKIs. In the
MWA group, once the acquired resistance was identified patients
received MWA followed by the same targeted therapy. After 1
month of MWA, a new baseline for surveillance was established.
At 1, 3, 6, 9, and 12 months after MWA, patients received CT
scan to assess their response to treatment and to identify adverse
events. The patients then underwent imaging every 3 months
surveillance thereafter. Sites of first progression were docu-
mented. Patients in the chemotherapy group received 2 to 6 cycles
of platinum-based systemic chemotherapy followed by the same
EGFR-TKI after acquired resistance, and detailed chemotherapy
regimens are listed in the Table S1, http://links.lww.com/MD/
B67. Chemotherapy was paused until disease progression or
unacceptable toxicity.
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2.3. MWA procedure assess the association between each of the variables and PFS2 or
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Instrumentation: (1) MTC-3C microwave ablation system
(Nanjing Qi Ya Research Institute of Microwave Electric, China.
Registration standard: YZB/country 1408–2003. NO: SFDA (III)
20073251059) or (2) ECO-2450B microwave ablation system
(Nanjing, ECO Microwave Institute, China. Registration
standard: YZB/country1475–2013. No: SFDA (III)
20112251456) was used for MWA treatment. Generally, we
set the microwave emission frequency at 2450±50MHz and
ablation power between 60 and 80W. The effective length of the
antenna is 100 to 180mm and 14G to 20G outside diameter. In
addition, a water circulation cooling system was applied to
reduce the antenna surface temperature. For tumors�3.5cm and
3.6 to 5.0cm, we used single or double antennae, respective-
ly.[25,26,30] The whole procedures of MWA were performed
under CT guidance and the detailed procedures were described in
our previous publications.[25,26] All patients received a CT scan
immediately after MWA to monitor the shape and size of the
lesions, as well as to determine any potential complications
including pneumothorax, bleeding or others. The proposed
ablative margin was 0.5cm.
2.4. Statistical analysis
Pearson’s Chi-square (or Fisher’s exact) and t-test were used to
determined differences between groups. Median progression-free
survival (PFS1) was calculated from time of initiation of targeted
therapy to first progression of disease or clinical progression (as
assessed by clinician). PFS2 was defined from the time of first
progression to second progression after MWA or chemotherapy.
OS was calculated from the time of diagnosis to the date of last
follow-up or death from any case. Survival curves were estimated
using Kaplan–Meier method. Patients who did not experience
progression or death during the study time were censored at the
time of the last available follow-up. Univariable and multivari-
able Cox proportional hazards regression models were used to
Table 1

Patients and tumor characteristics.

Variables MWA group (n=28)

Male (%) 11 (39.3)
Age 61.5±11.3
Smoking history 4 (14.3)
Stage at initial diagnosis
I–II 3 (10.7)
III 3 (10.7)
IV 22 (78.6)

EGFR mutation type
Exon 19 deletion 14 (50.0)
Exon 21 L858R 11 (39.3)
Other 3 (10.7)

Best response to TKI
Complete response 1 (3.6)
Partial response 17 (60.7)
Stable disease 10 (35.7)

Site of metastatic disease after targeted therapy
Lung 15 (53.6)
Lymph node 2 (7.1)
Adrenal gland 4 (14.3)
Liver 5 (17.9)
pleura 2 (7.1)
Bone 0 (0)

EGFR= epidermal growth factor receptor, MWA=microwave ablation, TKI= tyrosine kinase inhibitor.

3

OS. For the multivariable analysis model, we include treatment
strategy variable, which was statistically significant on univari-
able analysis.
We used bootstrapping for bias correction (n=1000 bootstrap

samples). Random samples (sample size was equivalent to
original cohort) were drawn from the original data set with
replacement. Then, we applied the same Cox model, which was
derived from the original cohort to the bootstrap samples. One
thousand bootstrapping-based model performance indices were
independently generated by repeating this process 1000 times.
The mean value of the 1000 performance indices is the bias-
corrected estimate, which is considered to estimate the nomo-
gram performance that could be expected in a separate but
similar patient population. The average and standard deviation
of these 1000 bootstrap samples of the regression parameter were
calculated as the bootstrap estimate and standard error (SE) of
the parameter. Statistical analysis was performed using SPSS for
Windows Version 17.0 (IBM, Chicago, IL) and R software
version 3.1.1 (The R Foundation for Statistical Computing).
All analyses were two sided with a P-value <0.05 considered
statistically significant.

3. Results

3.1. Patients characteristics

From Jan 2010 to Jan 2016, 54 patients were enrolled in this
study. Twenty-eight patients received MWA while 26 patients
received chemotherapy after acquired resistance to TKIs. The
characteristics of all patients are shown in Table 1. EGFR
mutations were confirmed in all patients, with exon 19 deletion
mutation being most common (50% in MWA group, 46.2% in
chemotherapy group), followed by exon 21 L858R mutation
(39.3% in MWA group, 38.5% in chemotherapy group) and
other type of mutation (10.7% in MWA group, 15.3% in
chemotherapy group). All patients had oligoprogressive disease
Chemotherapy group (n=26) x2/t P

7 (26.9) 0.927 0.336
59.8±10.5 0.568 0.572
4 (15.4) 0.000 1.000

3.073 0.381
1 (3.8)
2 (7.7)
23 (88.5)

0.271 0.873
12 (46.2)
10 (38.5)
4 (15.3)

1.305 0.521
2 (7.7)
18 (69.2)
6 (23.1)

7.317 0.198
14 (53.8)
1 (3.8)
3 (11.5)
2 (7.7)
2 (7.7)
4 (15.5)

http://www.medicine.com


(<5 sites of disease) at the time of PFS1 and the pattern of

procedure or within 30 days after MWA. Pain was the common

3.3. Outcomes

Figure 1. Kaplan–Meier survival curves of PFS1, PFS2, and OS for MWA
group patients (solid lines) and chemotherapy group (dashed). (A) Median
PFS1 was 12.6 months for MWA group and 12.9 months for chemotherapy
group (HR 0.63, CI 0.350–1.142, P=0.13). (B) Median PFS2 was 8.8 months
for MWA group and 5.8 months for chemotherapy group (HR 0.357, CI
0.169–0.751, P=0.0067). (C) Median OS was 27.7 months for MWA group
and 20.0 months for chemotherapy group (HR 0.238, CI 0.112–0.505, P=
0.0002). CI = confidence interval, HR = hazard ratio, MWA = microwave
ablation, OS = overall survival, PFS1 = progression-free survival.

Figure 2. Kaplan–Meier survival curves of PFS1 and PFS1+PFS2 of all 28
patients treated with MWA. MWA =microwave ablation, PFS1 = progression-
free survival.
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progression for these patients is also summarized in Table 1.
There was no significant difference in age, sex, smoking history,
stage at diagnosis, best response to TKI, and sites of metastatic
disease between the MWA group and chemotherapy group.
3.2. Treatment procedures and complications after MWA
All patients with extra-CNS oligoprogressive disease received
MWA followed by continuation of targeted therapy in the
present study. Themedian time from the first proression toMWA
was 3 weeks. Thirty-one metastatic sites in 28 cases were ablated.
The mean size of the metastatic sites was 3.1cm (range, 1–6.4
cm).MostMWAs were well tolerated. No patient died during the
4

side effect and 10 patients (35.7%) suffered moderate pain after
MWA, but no severe post-ablation pain occurred. Post-ablation
syndrome including fever (under 38.5 °C), fatigue, general
malaise, nausea, and vomiting, etc. occurred in 9 patients.
Postoperative pneumothorax was observed in 10 patients
(35.7%), in which 2 of them received chest tube drainage. Five
patients (17.8%) had pleural effusion (of which 1 case underwent
chest tube insertion) after the MWA. Hemoptysis occurred in 2
cases (7.1%) and the conventional application of hemostatic
agents including snake venom thrombin, glucocorticoids, could
effectively stop bleeding. The average length of hospital stay was
4.3 days (3–17 days).
The median follow-up for this study was 23.5 months (range,
7–70 months). Among the 28 patients in the MWA group, 11 of
them progressed after MWA during the study period, and 7
patients died. While 21 of 26 patients in the chemotherapy group
died. The difference of PFS1 in both groups was not significant
(12.6 months vs. 12.9 months, HR 0.63, CI 0.350–1.142, P=
0.13) (Fig. 1A). However, the patients in MWA group had a
significantly longer PFS2 than those in chemotherapy group (8.8
months vs. 5.8 months, HR 0.357, CI 0.169–0.751, P=0.007)
(Figs. 1B and 2). In addition, the OS in MWA group was also
longer than that in chemotherapy group (27.7 months vs. 20.0
months, HR 0.238, CI 0.112–0.505, P=0.0002) (Fig. 1C).

The variables listed in Table 1 were examined (Cox
Regression) for their association with PFS2 and OS. Results of
the univariate analyses are shown in Table 2. Treatment strategy
with univariate significance (P<0.05) was selected for the
multivariate analysis, and the detailed results and the hazard
ratios of themultivariate analysis estimated by Cox regression are
listed in Table 2. We confirmed the results of the multivariate
analysis by using the bootstrap resampling technique mentioned
above. We observed the closeness of the bootstrap estimates to
those obtained in the final Cox model, which validated the final
results (Table 3).
In theMWAgroup, the overall complete ablation rate achieved

78.6% (22 of 26). The median PFS2 for complete ablation was
significantly longer than that for incomplete ablation (11 vs. 4.2
months, hazard ratio: 0.2874, 95%CI of the ratio: 0.062–1.339,
P<0.05). The difference of OS between the two groups was not
significant (39 vs. 26.4, P>0.05) (Fig. 3).



4. Discussion therapies is suitable for local ablative therapy and continuation of

Table 2

Results of Cox regression analyses.

Univariate Cox regression analysis for PFS2 and OS

PFS2 OS

Variables B SE HR 95% CI P B SE HR 95% CI P Reference category

Gender 0.181 0.630 1.198 0.348–4.121 0.774 0.248 0.579 1.282 0.413–3.985 0.668 Male
Age 0.010 0.025 1.010 0.961–1.061 0.695 0.044 0.024 1.045 0.998–1.095 0.062 Continuous
Smoking history 1.332 0.854 3.789 0.711–20.210 0.119 1.064 0.910 2.899 0.488–17.237 0.242 Never smoke
Stage at initial diagnosis 0.046 0.464 1.047 0.421–2.600 0.921 0.502 0.478 1.652 0.647–4.218 0.294 Continuous
EGFR mutation type 0.468 0.973 1.596 0.237–10.755 0.631 1.123 0.915 3.075 0.511–18.495 0.220 Exon 19 deletion
Best response to TKI 1.559 1.436 4.755 0.285–79.272 0.277 0.587 0.948 1.798 0.281–11.516 0.536 CR+PR
Site of metastatic disease

after targeted therapy
�0.263 0.453 0.769 0.316–1.869 0.562 �0.197 0.438 0.821 0.348–1.939 0.653 Lung

Treatment �1.024 0.432 0.359 0.154–0.838 0.018 �1.688 0.465 0.185 0.074–0.460 <0.001 TKI+chemotherapy

Multivariable Cox regression analysis for PFS2 and OS

PFS2 OS

Variables B SE HR 95% CI P B SE HR 95% CI P Reference category

Treatment �1.128 0.449 0.324 0.134–0.781 0.012 �1.612 0.448 0.200 0.083–0.480 <0.001 TKI+chemotherapy

CI = confidence interval, EGFR = epidermal growth factor receptor, HR = hazard ratio, OS = overall survival, SE = standard error, TKI = tyrosine kinase inhibitor.
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The past decade witnessed the dramatic alteration in the
treatment of NSCLC with the identification of somatic gene
mutations that underlie tumor initiation and maintenance. EGFR
mutations were first identified in lung cancer after clinical benefit
to EGFR tyrosine kinase inhibitors was observed. First-line TKI
therapy is recommended in NSCLC harboring an EGFR
mutation. Unfortunately, most patients who initially benefit
from erlotinib or gefitinib ultimately developed acquired
resistance to these drugs, and there are limited options for these
patients. Patients treated with erlotinib or gefitinib monotherapy
in this study had a median PFS1 of 12.6 months, which is similar
with that of chemotherapy group (12.9 months) and consistent
with literature precedent, especially with the data of East Asian
patients,[3,5,7,31] indicating that we do not seem to have
preselected a more indolent population for MWA within this
study.
Cytotoxic chemotherapy or participation in a clinical trial was

considered as the standard treatment in this setting. EGFR-TKI
was replaced with docetaxel or pemetrexed but efficacies of these
agents were not satisfactory. Themedian PFS2 of pemetrexed and
docetaxel was 3.9 months and 4.1 months, respectively.[32,33]

Pemetrexed in combination with erlotinib or gefitinib after
disease progression showed better response and was associated a
median PFS2 of 7.0 months.[19] Recent data suggest that for
patients with EGFR-mutation who develop highly localized
disease progression (oligoprogressive disease), local therapy to
these sites with surgery or radiation, in combination with
ongoing use of the same TKI, might also be clinically beneficial. It
was recently reported that Oncogene-addicted NSCLCwith CNS
and/or extra-CNS oligoprogressive disease on relevant targeted
Table 3

Summary of variables for 1000 bootstrap samples.

Variables B Bias SE

PFS2 Treatment �1.0239 1.026 0.429
OS Treatment �1.689 1.402 0.460

OS = overall survival, SE = standard error.

5

the targeted agents, and is associated with more than 6 months of
additional disease control.[22] Moreover, Yu et al[23] reported
EGFR-mutant lung cancers with acquired resistance to EGFR-
TKI therapy are amenable to local therapy including surgery or
radiation followed by continued targeted therapy, and 10months
additional disease control was observed. However, there is little
published data about the use of MWA for oligoprogressive
Figure 3. Kaplan–Meier survival curves of PFS2 and OS between complete
ablation and incomplete ablation. The median PFS2 was 11 months for
complete ablation and 4.2 months for incomplete ablation (HR 0.287, CI
0.062–1.339, P=0.02). The difference of OS between the two groups was
not significant (39 months vs. 26.4 months, HR 1.876, CI 0.536–6.57, P>
0.05). CI = confidence interval, HR = hazard ratio, OS = overall survival.

http://www.medicine.com


disease on therapy. This is the first study to evaluate the efficacy [4] Sequist LV, Yang JC, Yamamoto N, et al. Phase III study of afatinib or
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and safety of MWA as a local therapy for patients with TKI
acquired resistance. In this study, the MWA group had a similar
PFS1 with that of chemotherapy group (control group).
However, the PFS2 and OS were significantly longer in patients
of MWA group compared with chemotherapy group. Our data
suggest that MWA in combination with continuation of the TKIs
may be associated with longer PFS and OS in patients with
EGFR-mutation on targeted therapy who developed less than
two systemic progressive lesions. These results expand on the role
of local therapy in EGFR-mutant NSCLC that developed extra-
CNS oligoprogressive disease during TKI treatment and suggest
that these patients may benefit from the MWA.
The mechanism of acquired resistance to EGFR-TKIs in

NSCLC is still not well understood. Several molecular
mechanisms have been elucidated and generally can be classified
into 3 main categories: alterations in EGFR itself, activation of
bypass signaling pathways, and phenotypic transformation.[34]

The most frequent mechanism of acquired resistance to EGFR-
TKIs is the secondary T790M mutation in EGFR which is
identified in approximately 50 to 60% of patients. However, in
metastatic cancers, biological heterogeneity among tumour cells
pre-exists at the time of clinical presentation and tumors
resistant to EGFR-TKIs may be composed of a heterogeneous
mix of TKI-sensitive and TKI-resistant cells. Continuation of
targeted therapy can lead to ongoing benefit in nonprogressing
clones, which have not developed acquired resistance. Our data
indicated that the efficacy of MWA together with continuation
of TKIs may be superior to TKIs treatment alone, suggesting
local microwave ablative therapy of the resistant clone before
widespread dissemination is associated with prolonged disease
control.
In the present study, the most common complication forMWA

therapy was pneumothorax, followed by pleural effusion and
hemoptysis. Complications can be controlled by proper treat-
ments and there is no patient died during or within 30 days after
the procedure. Therefore, MWA is a safe and well tolerable
strategy for NSCLC patients.
Certainly, our study does have some limitations. The main

limitation of this study lies in its retrospective nature and
relatively small number of treated patients. Further limitations
include the absence of pathological proof in metastatic diseases
and identification of the acquired resistance molecular character-
istics. Prospective multicenter evaluation of MWA with large
sample size is needed to define more clearly the effectiveness and
safety of this treatment strategy.
Despite of these limitations, our results show that MWA with

continued EGFR inhibition may extend disease control by over 8
months in patients with oligoprogressive disease.MWA as a local
therapy for oligoprogressive disease should be considered for
NSCLC with acquired resistance to EGFR-TKIs.
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