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Purpose: To establish the relationship between KRAS mutation 
status and local recurrence after image-guided ablation of 
lung adenocarcinoma.

Materials and 
Methods:

This study consisted of a HIPAA-compliant institutional re-
view board–approved retrospective review of 56 primary 
lung adenocarcinomas in 54 patients (24 men, 30 women; 
median age, 72 years; range, 54–87 years) treated with 
percutaneous image-guided ablation and with available 
genetic mutational analysis. KRAS mutation status and 
additional clinical and technical variables—Eastern Coop-
erative Oncology Group (ECOG) status, smoking history, 
stage at diagnosis, status (new primary or not), history 
of radiation, history of surgery, prior systemic treatment, 
modality of ablation, size of nodule, ablation margin, and 
presence of ground-glass appearance—were recorded and 
evaluated in relation to time to local recurrence, which 
was calculated from the time of ablation to the first ra-
diographic evidence of recurrence. Predictors of outcome 
were identified by using a proportional hazards model for 
both univariate and multivariate analysis, with death as a 
competing risk.

Results: Technical success was 100%. Of the 56 ablated tumors, 
37 (66%) were wild type for KRAS and 19 (34%) were 
KRAS mutants. The 1-year and 3-year cumulative inci-
dences of recurrence were 20% and 35% for wild-type 
KRAS compared with 40% and 63% for KRAS mutant 
tumors. KRAS mutation status was a significant predictor 
of local recurrence at both univariate (P = .05; subdistri-
bution hazard ratio [sHR], 2.32) and multivariate (P = 
.006; sHR, 3.75) analysis. At multivariate analysis, size (P 
= .026; sHR, 2.54) and ECOG status (P = .012; sHR, 2.23) 
were also independent significant predictors, whereas 
minimum margin (P = .066) was not.

Conclusion: The results of this study show that there is a relationship 
between KRAS mutation status and local recurrence after 
image-guided ablation of lung adenocarcinoma. Specifi-
cally, KRAS mutation status of the ablated lesion is a sig-
nificant predictor of time to local recurrence, independent 
of size and margin.
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Materials and Methods

Study Design
This was a retrospective study that in-
cluded consecutive patients who under-
went PIA of a lung adenocarcinoma and 
mutational analysis of the ablated tu-
mor. The study was approved by the in-
stitutional review board, with a waiver 
of informed consent, and was compli-
ant with the Health Insurance Portabil-
ity and Accountability Act.

Patient Selection
We performed an institutional data-
base search that included consecu-
tive patients from January 1, 2009, 
through July 1, 2014. Inclusion criteria 
were any patients who had undergone 
PIA for a lung tumor and had also un-
dergone genetic testing (n = 291). We 
excluded patients who did not have 
pathologically proven lung adenocar-
cinoma (203 patients excluded; 88 
patients remaining). We excluded pa-
tients if genetic testing was performed 
on a tumor other than the one that 
was ablated (20 patients excluded, 
68 remaining). Metachronous tumors 

technique-associated features such 
as ablation margin (9). Kodama et al 
(11) recently demonstrated excellent 
local tumor control for patients with 
ground-glass opacity–dominant lung 
adenocarcinoma. Ridge et al (12) 
showed improved local tumor control 
for metachronous and synchronous tu-
mors compared with first primary lung 
cancers. To our knowledge, the role of 
biomarkers in predicting local recur-
rence in PIA has not been studied.

Lung adenocarcinomas are associ-
ated with several clinically important 
oncogenic driver mutations, although 
their prognostic role remains con-
troversial. In a large meta-analysis, 
KRAS mutation status was associated 
with worse survival in patients with 
NSCLC (hazard ratio [HR], 1.35; 95% 
confidence interval [CI]: 1.16, 1.56) 
(13). However, D’Angelo et al (14) 
demonstrated similar overall survival 
rates between patients with KRAS 
mutations and patients with wild-type 
KRAS or wild-type EGFR. The impact 
of KRAS mutations on recurrence and 
survival has also been studied in rela-
tion to surgery (15) and SBRT (16). 
Given the high local recurrence rates 
with PIA (6), the role of these driver 
mutations may help better define co-
horts appropriate for PIA or high-risk 
cohorts that may require more exten-
sive ablation.

The purpose of our study was to es-
tablish the relationship between KRAS 
mutation status and local recurrence 
after image-guided ablation of lung ad-
enocarcinoma. Our hypothesis was that 
KRAS mutation status is a predictor of 
local recurrence, independent of estab-
lished clinical and technical variables 
such as size and margin.
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Advances in Knowledge

nn KRAS mutation status was signifi-
cantly predictive of local recur-
rence at univariate (P = .05) and 
multivariate (P = .006) analysis.

nn KRAS mutant cumulative inci-
dence of recurrence at 1 year 
was 40% (65% at 3 years), com-
pared with 20% (35% at 3 years) 
for wild-type KRAS.

nn Size (P = .026) and Eastern  
Cooperative Oncology Group 
status (P = .012) were also inde-
pendently predictive of local  
recurrence, whereas ablation 
margin (P = .066) was not.

Implications for Patient Care

nn KRAS mutation status should be 
checked in lung adenocarcinomas 
undergoing ablation, as these 
tumors are more likely to recur 
even if they are small.

nn KRAS mutant tumors may 
require wider ablation margins 
or more careful monitoring after 
ablation.

Lung cancer is the leading cause of 
cancer death in male and female 
patients in the United States (1). 

Non–small cell lung cancer (NSCLC) 
accounts for a majority of these cases, 
and the standard treatment for early-
stage NSCLC is surgical resection. 
However, 25% of these patients are not 
surgical candidates because of medical 
comorbidities (2,3). In such patients, 
local-directed therapies such as stereo-
tactic body radiation therapy (SBRT) 
and percutaneous image-guided abla-
tion (PIA) may be offered (4). PIA in-
cludes radiofrequency ablation (RFA), 
microwave ablation (MWA), cryoabla-
tion (CRA), and others.

Indications for PIA for NSCLC in-
clude patients with high-risk or unre-
sectable disease and patients with re-
current or persistent disease despite 
treatment with surgery, radiation, or 
chemotherapy. Overall 2-year survival 
rates of approximately 70% for PIA ap-
pear to be similar to those for SBRT 
(5,6) and surgery after propensity 
score matching. Moreover, a multicen-
ter trial (7) demonstrated no significant 
worsening of pulmonary function after 
PIA. Ongoing prospective clinical trials 
comparing the efficacy of SBRT, PIA, 
and surgery in patients with high risk 
aim to improve patient selection for 
each modality (8).

Various predictors of PIA success 
have been demonstrated in the liter-
ature. These include tumor-associated 
features such as tumor size (9,10) and 
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avid before the ablation, according to 
the operator and referring clinician 
preference, and in the setting of sus-
pected local recurrence on the basis 
of CT findings. One of the investiga-
tors (E.Z.) reviewed the imaging stud-
ies in all patients to determine tumor 
size at time of ablation, margin size 
after ablation, and local recurrence. 
Local recurrence was defined by im-
aging criteria as the appearance of tu-
mor foci within or at the edge of the 
ablation zone, according to previously 
published standard reporting guide-
lines (22). Distant metastases were 
not included in our definition.

Covariates
Patient clinical characteristics were col-
lected (E.Z., E.N.P., and S.G., in con-
sensus) and included age, smoking status 
(measured in pack-years), sex, Eastern 
Cooperative Oncology Group (ECOG) 
performance status (0 or . 0), clinical 
stage at the time of original diagnosis, 
new primary tumor versus recurrence, 
prior treatment with radiation at ab-
lated site, prior surgery at ablated site, 
treatment with systemic chemotherapy, 
treatment modality (RFA, MWA, or 
CRA), tumor size (using a 2-cm thresh-
old), margin ablation (using a 5-mm 
threshold), and presence of a ground-
glass appearance in the tumor prior to 
treatment. Clinical stage was defined by 
the tumor, node, metastasis classification 
system, according to the 7th edition of 
the American Joint Committee on Can-
cer staging manual (23). We used the 
Martini and Melamed criteria (17) to dis-
tinguish between de novo primary tumors 
and recurrent or metastatic tumors (12). 
We also enhanced these criteria by using 
mutation data (presence or absence of 
driver mutation), when available, to help 
either confirm or refute similar histologic 
types. A ground-glass appearance of the 
tumor at CT imaging prior to ablation 
was defined as either completely ground 
glass or as mixed solid and ground glass). 
None of the ablated lesions were purely 
ground glass in appearance.

Statistical Analyses
For the 54 patients, clinical character-
istics were compared among wild-type 

experience at the beginning of the 
study (including S.B.S., C.T.S., J.P.E., 
and H.Y.). Ablation technique, includ-
ing modality (RFA, MWA, or CRA), 
device type, needle, and number and 
length of treatments, was determined 
by operator preference, taking into 
account tumor location, size, and 
adjacent structures. Complications 
were categorized by using the Soci-
ety of Interventional Radiology guide-
lines (18). Major complications were 
those that increased the level of care 
or required that the patient be hospi-
talized. All other complications were 
considered minor. Immediate post-
procedure CT and chest radiography 
were performed to assess technical 
success and postprocedure complica-
tions, respectively.

Tissue Acquisition and Mutational 
Analysis
Patients with lung adenocarcinomas 
have their tumor(s) tested for multi-
ple oncogenic mutations at our insti-
tution as part of the standard of care. 
The spectrum of genes tested has in-
creased over time but has consistently 
included KRAS. Tumor specimens 
were obtained either through biopsy 
or from a surgical specimen. After 
microscopic examination results con-
firmed the diagnosis of adenocarci-
noma, tissue was sent to a molecular 
diagnostic laboratory in the Depart-
ment of Pathology for extraction of 
genomic DNA. All samples were de-
termined to have adequate DNA qual-
ity prior to testing. KRAS mutations 
of codons 12 and 13 were detected by 
means of direct sequencing or mass 
spectrometry–based genotyping (Se-
quenom) (19–21).

Assessment of Tumor Recurrence
Postprocedural CT was performed ac-
cording to standard guidelines (22), 
with baseline imaging typically per-
formed at 1 month and follow-up imag-
ing performed at regular intervals af-
ter that (typically 3, 6, and 12 months, 
and yearly after that). Positron emis-
sion tomography (PET)/CT surveil-
lance was performed for tumors that 
were fluorine 18 fluorodeoxyglucose 

were defined on the basis of published 
criteria (17). From among the remain-
ing patients, we excluded those who 
harbored a known oncogenic driver 
mutation other than KRAS (11 pa-
tients with EGFR mutation excluded, 
one patient with BRAF mutation ex-
cluded) and those in whom the KRAS 
mutation was not tested (two patients 
excluded). The final cohort included 
56 tumors in 54 patients (two patients 
each had two separate tumors that 
were ablated and analyzed for muta-
tions). A flowchart summarizing initial 
patient population and each exclusion 
step is included in Figure 1.

Lung Ablation
The decision to perform PIA was 
made by the interventional radiolo-
gist in conjunction with the medical 
oncologist, surgeon, and radiation 
oncologist, who form the thoracic tu-
mor disease management team at our 
institution. All lung ablations were 
performed with general anesthesia 
by using computed tomographic (CT) 
guidance to monitor device place-
ment. Ablations were performed by 
a fellowship-trained interventional 
radiologist with at least 6 years of 

Figure 1

Figure 1:  Flow diagram of patient selection and 
exclusion criteria.
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43 (77%) tumors were treated with 
RFA, 10 (18%) were treated with 
MWA, and three (5%) were treated 
with CRA. The average tumor size 
was 17 mm (range, 8–39 mm), and 
42 tumors were smaller than or equal 
to 20 mm, while 14 were larger than 
20 mm. The average minimum margin 
was 4 mm (range, 0–11 mm), and 37 
tumors had less than a 5-mm mini-
mum margin, while 19 had a 5-mm 
or greater minimum margin. There 
were 15 tumors that demonstrated 
some ground-glass appearance. There 

40 (range, 0–120 pack-years). There 
were 24 men and 30 women; 40 pa-
tients had an ECOG status of 0, and 
13 had an ECOG status of 1 or 2. 
There were 56 ablated tumors: For-
ty-four (79%) were stage I, and 12 
(21%) were stage II–IV; 32 (57%) 
were new primary cancers and 24 
(43%) were recurrences. Nine (16%) 
tumors had previously been treated 
with radiation, 18 (32%) had pre-
viously been treated with surgical 
resection, and 27 (48%) had been 
treated with systemic chemotherapy; 

and KRAS mutant tumors by using the 
Fisher exact test for categoric variables 
and the Mann-Whitney U test for con-
tinuous variables. Analysis of data in 
the two patients who had undergone 
PIA of two metachronous lesions was 
based on their first tumor. Overall sur-
vival was measured from the time of 
PIA to patient death or most recent fol-
low-up and was determined on the basis 
of a review of patient medical records. 
Overall survival rates were estimated 
by using the Kaplan-Meier method. For 
the 56 tumors, time to local recurrence 
was calculated from the time of PIA to 
the first radiologic evidence of progres-
sion at the ablation site. Our primary 
interest was to evaluate the association 
between KRAS and local recurrence. 
However, to determine which variables 
to include in the multivariate analysis, 
we needed to test multiple poten-
tial confounders. We used a standard 
competing-risks proportional hazards 
model (24) to analyze time to local 
recurrence with death as a competing 
risk and to obtain a predicted cumula-
tive incidence function. Clustering was 
used to account for within-patient cor-
relations. Univariable analysis was per-
formed by using this model, and covari-
ates with P , .25 were included in the 
multivariable analysis. Backward selec-
tion with a cutoff of P = .05 was per-
formed to select significant predictors 
of outcome in multivariable analysis. 
Competing risk analysis was performed 
by using Stata12 software, while all the 
other analyses were performed by using 
SAS9.3 software. Tumor size (20 mm) 
and ablation margin (5 mm) were an-
alyzed as categoric variables by using 
clinically well-established thresholds. 
Additional continuous variables, includ-
ing age and smoking status, were ana-
lyzed as continuous variables to avoid 
imposing arbitrary thresholds.

Results

Technical success was 100%. Patient 
and tumor characteristics are summa-
rized in Table 1. There were 54 pa-
tients, with a median age of 72 years 
(range, 54–87 years) and a median 
number of pack-years of smoking of 

Table 1

Patient, Tumor, and Treatment Characteristics

A: Patient Characteristics

Characteristic All Patients (n = 54)
Patients with KRAS  
Mutation (n = 17)

Patients with Wild-type  
KRAS (n = 37) P Value

Age (y)* 72 (54–87) 73 (61–87) 72 (54–85) .602
Pack-years* 40 (0–120) 40 (0–120) 40 (0–120) .716
Sex .153
  Female 30 (56) 12 (71) 18 (60)
  Male 24 (44) 5 (29) 19 (40)
ECOG status .511
  0 40 (74) 14 (82) 26 (70)
  .0 13 (24) 3 (18) 10 (27)

B: Tumor and Treatment Characteristics

 Characteristic All Tumors (n = 56) KRAS Mutants (n = 19) Wild-type KRAS
 (n = 37)

P Value

Stage at diagnosis ..99
  I 44 (79) 15 (79) 29 (78)
  .I 12 (21) 4 (21) 8 (22)
Status .566
  New primary 32 10 22
  Recurrence 24 9 13
Radiation 9 (16) 3 (16) 6 (16) ..99
Surgery 18 (32) 7 (37) 11 (30) .763
Chemotherapy 27 (48) 9 (47) 18 (49) ..99
Modality .241
  RFA 43 (77) 17 (89) 26 (70)
  MWA 10 (18) 2 (11) 8 (22)
  CRA 3 (5) 0 3 (8)
Margin .772
  ,5 mm 37 (66) 12 (63) 25 (68)
  5 mm 19 (34) 7 (37) 12 (32)
Size .106
  20 mm 42 (75) 17 (89) 25 (68)
  .20 mm 14 (25) 2 (11) 12 (32)
Ground-glass appearance 15 (27) 2 (11) 13 (35) .061

Note.—Unless otherwise specified, data are numbers of patients, with percentages in parentheses.

* Data are medians, with ranges in parentheses.
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and tumor size were also statistically 
significant in the multivariate analysis. 
Presence of ground-glass appearance 
and minimum margin were not signifi-
cant in the multivariate analysis.

Discussion

Local recurrence after PIA in patients 
with lung adenocarcinoma remains an 
unresolved issue. In our series of pa-
tients, we found that KRAS mutation 
status was an independent predictor of 
time to local recurrence, with a signif-
icantly decreased cumulative incidence 
of recurrence (20% for wild-type KRAS 
tumors vs 40% for KRAS mutants at 1 
year). Of note, the KRAS mutants were 
not more likely to be larger or to have 
smaller margins, suggesting an inherent 
aggressiveness of these tumors.

There has been much attention 
focused on the prognostic impact of 
KRAS mutation status for lung adeno-
carcinoma, largely focusing on overall 
survival. D’Angelo et al (14) reported 
similar overall survival in patients with 
and those without KRAS mutation 
with stage I–III lung adenocarcinoma, 
although KRAS mutations did predict 
shorter survival in a different study 
(25) in patients with advanced (stage 
IV) lung adenocarcinoma. Similar to 
our results, one report in the radiation 
oncology literature identified an asso-
ciation between KRAS mutation and 
lower freedom from recurrence (16), 
although these results are difficult to 
interpret because genotyping was per-
formed in only 10 of 75 patients and 
likely included a biased subpopulation.

The predictive and prognostic role 
of other oncogenic driver mutations, 
including EGFR, has been well studied. 
Patients with EGFR mutation have a 
better prognosis than patients without 
EGFR mutation and are more likely to 
benefit from treatment with tyrosine 
kinase inhibitors (14,26,27). In the 
surgical literature, EGFR mutation did 
confer a benefit in overall survival over 
KRAS mutation that was independent 
of pathologic stage (15). One may make 
the conjecture that in our population, 
EGFR mutants may have better results 
because they may be candidates for 

Results of univariate analysis of 
time to local recurrence are summa-
rized in Table 2. Presence of KRAS 
mutation was associated with shorter 
time to local recurrence (P = .05; sub-
distribution HR, 2.32; 95% CI: 1.00, 
5.39). The cumulative incidence func-
tion generated from the competing risk 
univariate analysis is presented in Fig-
ure 3. The 1-, 2-, and 3-year cumulative 
incidences of recurrences were 20%, 
31%, and 35% for wild-type tumors, 
compared with 40%, 58%, and 63% for 
KRAS mutants, respectively. The pres-
ence of a ground-glass appearance in 
the nodule was associated with longer 
time to local recurrence (P = .04; sub-
distribution HR, 0.31; 95% CI: 0.01, 
0.95). ECOG status, minimum margin, 
and tumor size were marginally associ-
ated with time to local recurrence (P 
, .25) and were thus included in the 
multivariate analysis.

Table 3 lists results from the mul-
tivariate competing-risks proportional 
hazards model of time to local recur-
rence using the five covariates identified 
as either significant or marginally signif-
icant in the univariate analysis. KRAS 
mutation remained statistically signif-
icant (P = .006; subdistribution HR, 
3.75; 95% CI: 1.46, 9.64). ECOG status 

were 19 (34%) tumors with KRAS 
mutations. Table 1 also summarizes 
associations between KRAS status 
and the rest of the covariates. There 
were no statistically significant asso-
ciations, although there was a trend 
for KRAS mutant tumors to be less 
likely to have a ground-glass compo-
nent (P = .061). There was no differ-
ence between the groups in terms of 
size or margin achieved. There was a 
trend for KRAS mutant tumors to be 
smaller (P = .106).

Complications were recorded as fol-
lows: There were 14 (25%) pneumotho-
races that required chest tubes. There 
was one (2%) bronchopleural fistula, 
which was managed with a chest tube 
and antibiotics, and one (2%) abscess, 
which was managed with surgical dé-
bridement at video-assisted thorascopic 
surgery. No procedure-related deaths 
were recorded. There were no deaths 
recorded within 30 days.

Figure 2 displays the Kaplan-Meier 
curve for overall survival for the 54 
patients. The median overall survival 
probability was 53 months. The overall 
survival rate was 96% (95% CI: 85%, 
99%) at 1 year, 80% (95% CI: 65%, 
89%) at 2 years, and 72% (95% CI: 
55%, 83%) at 3 years.

Figure 2

Figure 2:  Graph shows overall survival for all patients. The overall survival 
rate was 96% at 1 year, 80% at 2 years, and 72% at 3 years.
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analysis. Subsequent analyses of other 
driver mutations, including EGFR, may 
yield further insight into these questions.

Many predictors of tumor response 
after lung ablation have been proposed. 
Traditional predictors of local recur-
rence in PIA include tumor size and 
ablation margin (28–30). We saw a sig-
nificant association between tumor size 
and local recurrence. There was no sig-
nificant association with minimum mar-
gin (9), although our study was small. 
Other markers of tumor biology may 
also be useful to assess. Sofocleous et 
al (31) have previously reported Ki-67 
as a predictive biomarker after RFA. 
In their cohort of 47 lung tumors, 13 
were known to represent primary lung 
cancers. Additionally, multiple reports 
establish the prognostic role of histo-
logic subtype in lung adenocarcinoma 
(32). Because histologic subtyping is 
now performed in routine practice, fu-
ture analysis should include this as an 
additional covariate.

Kodama et al (11) reported excel-
lent local recurrence rates and overall 
survival in patients with ground-glass 
opacities who underwent RFA. Purely 
ground-glass opacities may actually 
represent adenocarcinoma in situ or 
minimally invasive adenocarcinoma 
(33,34). However, all of our nodules 
with a ground-glass appearance had 
at least partially solid components. 

Because the natural history and treat-
ment algorithms of these other mutants 
are so different, we chose to exclude 
patients with these mutations from our 

tyrosine kinase inhibitor therapy. On the 
other hand, many of these tumors may 
have developed acquired resistance and 
failed tyrosine kinase inhibitor therapy. 

Table 2

Univariate Analysis of Time to Local Recurrence with Death as Competing Risk

Parameter P Value Subdistribution HR 95% CI

Age .493 1.019 0.964, 1.077
Pack-years of smoking .758 1.003 0.985, 1.021
Sex
  Female … … …
  Male .688 1.186 0.514, 2.735
ECOG status .103 1.707 0.897, 3.248
Stage
  I … … …
  .I .299 1.578 0.668, 3.731
Status
  De novo primary … … …
  Recurrence .732 1.154 0.508, 2.620
Radiation .867 1.086 0.416, 2.830
Surgery .487 0.730 0.300, 1.773
Chemotherapy .929 0.963 0.424, 2.185
Modality .301 0.662 0.303, 1.447
Margin
  .5 mm … … …
  5 mm .206 1.906 0.701, 5.182
Size
  ,20 mm … … …
  20 mm .215 1.819 0.707, 4.677
Ground-glass appearance .040 0.308 0.010, 0.948
Gene
  Wild type … … …
  KRAS .050 2.322 1.000, 5.387

Figure 3

Figure 3:  Graph shows cumulative incidence function of time to local recur-
rence, with death as competing risk (P = .05), for wild-type ( WT ) KRAS versus 
KRAS mutation.

Table 3

Multivariate Analysis of Time to Local 
Recurrence with Death as Competing 
Risk by Using Backward Selection 
with P , .05 as Cutoff

Parameter P Value 95% CI

ECOG status .012 2.225 1.192, 4.154
Margin
  .5 mm … … …
  5 mm .066
Size
  ,20 mm … … …
  20 mm .026 2.540 1.120, 5.758
Ground-glass  

  appearance
.334

Gene
  Wild type … … …
  KRAS .006 3.753 1.462, 9.635
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of KRAS as a prognostic biomarker of 
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In conclusion, the presence of 
KRAS mutation in lung adenocarci-
noma tumors predicts a shorter time 
to local recurrence after ablation that 
is independent of tumor size and ab-
lation margin. Our study supports 
the utility of KRAS status as a prog-
nostic indicator for local recurrence 
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ing appropriate patients for PIA and 
establishing well-matched cohorts for 
future prospective comparison trials 
between PIA and SBRT or surgery. 
The importance of oncogene driver 
mutation status has not been well es-
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