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Abstract

Background: Metachronous second primary lung cancer (MSPLC) is not that rare but is seldom studied.

Objective: We aim to compare real-world survival outcomes between different surgery strategies and radiotherapy for MSPLC.

Methods: This retrospective study analyzed data collected from patients with MSPLC between 1988 and 2012 in the Surveillance,
Epidemiology, and End Results (SEER) database. Propensity score matching (PSM) analyses and machine learning were performed
to compare variables between patients with MSPLC. Survival curves were plotted using the Kaplan-Meier method and were
compared using log-rank tests.

Results: A total of 2451 MSPLC patients were categorized into the following treatment groups: 864 (35.3%) received radiotherapy,
759 (31%) underwent surgery, 89 (3.6%) had surgery plus radiotherapy, and 739 (30.2%) had neither treatment. After PSM, 470
pairs each for radiotherapy and surgery were generated. The surgery group had significantly better survival than the radiotherapy
group (P<.001) and the untreated group (563 pairs; P<.001). Further analysis revealed that both wedge resection (85 pairs; P=.004)
and lobectomy (71 pairs; P=.002) outperformed radiotherapy in overall survival for MSPLC patients. Machine learning models
(extreme gradient boosting, random forest classifier, adaptive boosting) demonstrated high predictive performance based on area
under the curve (AUC) values. Least absolute shrinkage and selection operator (LASSO) regression analysis identified 9 significant
variables impacting cancer-specific survival, emphasizing surgery’s consistent influence across 1 year to 10 years. These variables
encompassed age at diagnosis, sex, year of diagnosis, radiotherapy of initial primary lung cancer (IPLC), primary site, histology,
surgery, chemotherapy, and radiotherapy of MPSLC. Competing risk analysis highlighted lower mortality for female MPSLC
patients (hazard ratio [HR]=0.79, 95% CI 0.71-0.87) and recent IPLC diagnoses (HR=0.79, 95% CI 0.73-0.85), while radiotherapy
for IPLC increased mortality (HR=1.31, 95% CI 1.16-1.50). Surgery alone had the lowest cancer-specific mortality (HR=0.83,
95% CI 0.81-0.85), with sublevel resection having the lowest mortality rate among the surgical approaches (HR=0.26, 95% CI
0.21-0.31). The findings provide valuable insights into the factors that influence cumulative cancer-specific mortality.

Conclusions: Surgical resections such as wedge resection and lobectomy confer better survival than radiation therapy for
MSPLC, but radiation can be a valid alternative for the treatment of MSPLC.

JMIR Cancer 2024 | vol. 10 | e53354 | p. 1https://cancer.jmir.org/2024/1/e53354
(page number not for citation purposes)

Zheng et alJMIR CANCER

XSL•FO
RenderX

mailto:wuyj01029@wchscu.cn
http://www.w3.org/Style/XSL
http://www.renderx.com/


(JMIR Cancer 2024;10:e53354) doi: 10.2196/53354

KEYWORDS

metachronous second primary lung cancer; radiotherapy; surgical resection; propensity score matching analysis; machine learning

Introduction

Lung cancer has become a leading cause of cancer-related deaths
worldwide [1]. With the rapid development of screening tools
and therapeutic strategies, survival outcomes of lung cancer
patients have encouragingly improved, especially for early-stage
non-small cell lung cancer (NSCLC), which has a 5-year
survival rate as high as 90% [2]. For cancer survivors, longer
survival may well lead to a higher probability of developing a
second primary cancer. In recent years, metachronous second
primary lung cancer (MSPLC) has been commonly observed
among survivors with previously treated lung cancer. Thakur
et al [3] reported that MSPLC occurred in 2.95% of patients
with initial primary lung cancer (IPLC) in the Surveillance,
Epidemiology, and End Results (SEER) database. According
to the study by Surapaneni et al [4], the risk of developing a
second lung cancer is the highest in the first year and continues
to be high at 10 years. The surveillance and management of
patients with MSPLC have become an urgent issue.

For patients with an initial, early-stage lung cancer, surgical
resection remains the most effective treatment. However, there
is still a lack of guidelines to assess tumor resectability in
patients with MSPLC. Several studies have confirmed the
feasibility of surgery for MSPLC [5-9]. Remarkably, patients
with MSPLC with previously resected lung cancer may be in
poor physical condition and have insufficient lung function
reserve, and another surgical procedure may not be appropriate.
Thus, an alternative treatment is required for patients with
inoperable MSPLC.

Radiation therapy is an effective treatment choice for patients
with MSPLC and has fewer complications and impairments.
Stereotactic body radiotherapy has recently been reported to
have similar survival outcomes as surgery in patients with
early-stage lung cancer [10,11]. Previous studies have shown
that radiotherapy is a safe and feasible treatment for MSPLC,
but whether it can compare with surgery in terms of survival
outcomes remains debated [12,13]. Therefore, in this
population-based study, the initial step involved conducting
propensity score matching (PSM) analyses to compare the
survival outcomes of patients who underwent surgical resection
with those who received radiotherapy for multiple synchronous
primary lung cancers. Furthermore, specific focus was placed
on comparing the outcomes of common surgical methods,
namely lobectomy and wedge resection, with those of
radiotherapy for patients with MSPLC. To enhance the accuracy
of the predictions, state-of-the-art machine learning (ML)
techniques were used, and multiple algorithms were used to
develop robust prediction models.

Methods

Data Source
Data for all patients diagnosed with MSPLC included in this
retrospective study were sourced from the SEER database [14],
covering approximately 30% of cancer patients in the United
States. Data pertaining to these patients were extracted from 9
cancer registries and augmented with additional treatment
information from regions including Atlanta, Connecticut,
Detroit, Hawaii, Iowa, New Mexico, San Francisco–Oakland,
Seattle–Puget Sound, and Utah. The data set's most recent
follow-up information was updated in November 2018. This
study aimed to prognosticate the outcomes for patients with
MSPLC. In adherence to the established guidelines for the
development and reporting of ML predictive models in
biomedical research [15], we meticulously maintained precision
and clarity throughout our research process.

Preparation of Data for Model Building
Patients aged ≥20 years who were diagnosed with MSPLC were
identified from the SEER database. We defined MSPLC
according to the criteria set by Martini and Melamed [16]. We
only included patients with 2 primary lung tumors with a
diagnostic interval between the tumors ≥4 years, because it is
difficult to distinguish a primary lung tumor from relapse or
metastasis when the interval is <4 years [17]. The initial
inclusion criteria were as follows: (1) primary sites of the 2
tumors were the lung and bronchus (International Classification
of Diseases for Oncology [ICD-O]-3/World Health Organization
[WHO] 2008, Third Edition), (2) the time of diagnosis for the
IPLC was from January 1988 to December 2012 (to ensure that
all enrolled patients had been followed for enough time), and
(3) age was ≥20 years. The exclusion criteria included (1) <4
years between the diagnosis of the 2 primary tumors, (2) distant
metastasis, (3) histological type of small cell lung cancer for
IPLC or MSPLC, and (4) incomplete follow-up information.

We collected the patients’ demographic features and clinical
characteristics, such as age at diagnosis, sex, race (White, Black,
other [American Indian/Alaska Native, Asian/Pacific Islander],
and unknown), location relationship of the 2 primary tumors
(ipsilateral and contralateral), diagnostic interval, year of
diagnosis, SEER cancer stage (localized and regional),
histological type (adenocarcinoma, squamous cell carcinoma,
and other NSCLC), grade, surgical procedure, chemotherapy,
and radiotherapy (beam radiation). Sublevel resection was
regarded as an extent of resection that was less than lobectomy.
For patients diagnosed with IPLC after 2004, additional clinical
information such as TNM (tumor [T], extent of spread to the
lymph nodes [N], and presence of metastasis [M]) stage (6th
edition of the American Joint Committee on Cancer TNM
system) and tumor size were available.
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Predictive Models
We used 6 classical ML algorithms, namely extreme gradient
boosting (XGB), random forest classifier (RFC), adaptive
boosting (ADB), K nearest neighbor (KNN), artificial neural
network (ANN), and gradient boosting decision tree (GBDT),
to forecast long-term cancer-specific survival (CSS). To select
the variables for modeling, the least absolute shrinkage and
selection operator (LASSO) regression technique was used. An
extensive method was used to determine the optimal
combination of variables for each algorithm. The performance
and predictive capabilities of over a dozen variables were
individually assessed using the models, measured using the area
under the receiver operating characteristic curves (AUC of
ROCs), and decision curve analysis was conducted. The most
effective variables were identified, and additional variables were
combined iteratively until the best overall results were obtained.
The selection of the optimal modeling approach for each
algorithm was determined using 5-fold cross-validation.
Furthermore, the contribution of each variable was calculated.
Additionally, age-adjusted competing risk regression analysis
was conducted using the “cmprsk” package in R to examine the
cumulative risk of cancer-specific mortality. This comprehensive
approach facilitated a thorough evaluation of the risk factors
and outcomes associated with cancer-specific mortality in
diverse patient populations.

Statistical Analyses
All statistical analyses were performed using SPSS 27.0 (IBM
Corp) and R software version 4.3.1 [18]. SEER*Stat software
version 8.4.2 was used to identify the study population from
the SEER database. A 2-tailed P value <.05 was considered
statistically significant. Continuous parameters such as patients’
age and diagnostic interval are expressed as mean (SD) and
were compared between the different treatment groups using
Mann-Whitney U tests. For categorical parameters, proportions
were compared using Pearson chi-square tests. To balance the
baseline characteristics between the different treatment groups,

PSM analyses were used. Survival curves were plotted using
the Kaplan-Meier method and compared using log-rank tests.

Ethical Considerations
The data used in this research were extracted from the publicly
accessible, anonymized SEER database. Given the nature of
the SEER database, which contains deidentified patient
information and is widely used for epidemiological and clinical
research purposes, our study fell within the category of research
that is exempt from formal ethical approval and consent
requirements. This exemption is consistent with established
institutional and local policies regarding the use of publicly
available, deidentified data for research purposes [19].

Results

Demographic Characteristics
According to our inclusion and exclusion criteria, a total of
2451 patients diagnosed with MSPLC were included in this
study. All patients’ baseline characteristics are summarized in
Table 1. There were 1137 men and 1314 women, with a mean
age of 63.5 (SD 9.2) years. White people accounted for 84.1%
(2062/2451) of the study population. The mean diagnostic
interval between the 2 primary lung tumors was 101.0 (SD 47.6)
months. The year of diagnosis of the IPLC ranged from 1988
to 2012. For IPLC, 264 (10.8%) of the 2451 patients did not
undergo any surgical procedure, while 2447 underwent surgical
resection, including 295 (295/2447, 12%) sublevel resections,
1786 (1786/2447, 72.9%) lobectomies, and 106 (106/2447,
4.3%) pneumonectomies. Additionally, 465 (465/2451, 19%)
patients received chemotherapy, and 489 (489/2451, 20%)
underwent radiation therapy for IPLC. Based on treatments for
MSPLC, patients were divided into the following 4 subgroups:
radiotherapy only (864/2451, 35.3%), surgery only (759/2451,
31%), surgery plus radiotherapy (89/2451, 3.6%), and no
treatment (739/2451, 30.2%). The median follow-up time after
MSPLC diagnosis was 18 (range: 1-273) months. For the entire
study population, the 5-year overall survival (OS) was 34.7%.
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Table 1. Demographic and clinical characteristics of 2451 patients diagnosed with second primary lung cancer.

ResultsCharacteristic

63.5 (9.2)Age (years), mean (SD)

Race, n (%)

2062 (84.1)White

240 (9.8)Black

149 (6.1)Other

Sex, n (%)

1137 (46.4)Male

1314 (53.6)Female

Relative location, n (%)

815 (33.3)Ipsilateral

1636 (66.7)Contralateral

101.0 (47.6)Diagnostic interval (months), mean (SD)

Initial primary lung cancer

Year of diagnosis, n (%)

763 (31.1)1988-1995

919 (37.5)1996-2003

769 (31.4)2004-2012

SEERa stage, n (%)

1538 (62.7)Localized

913(37.3)Regional

Histology, n (%)

1399 (57.1)ADCb

690 (28.2)SCCc

362 (14.8)Other NSCLCd

Grade, n (%)

277 (11.3)Well differentiated

844 (34.3)Moderately differentiated

792 (32.3)Poorly differentiated

115 (4.7)Undifferentiated

423 (17.3)Unknown

Surgery, n (%)

264 (10.8)No surgery

295 (12)Sublevel resection

1786 (72.9)Lobectomy

106 (4.3)Pneumonectomy

Chemotherapy, n (%)

465 (19)Yes

1986 (81)No/unknown

Radiotherapy, n (%)

489 (20)Yes

1962 (80)No/unknown
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ResultsCharacteristic

Second primary lung cancer

Surgery, n (%)

1603 (65.4)No surgery

295 (12)Wedge resection

61 (2.5)Segmentectomy

87 (3.5)Other/inseparable sublevel resection

352 (14.4)Lobectomy

53 (2.2)Pneumonectomy

Chemotherapy, n (%)

694 (28.3)Yes

1757 (71.7)No/Unknown

Radiotherapy, n (%)

953 (38.9)Yes

1498 (61.1)No/Unknown

Treatment, n (%)

964 (35.3)Only radiotherapy

759 (31.0)Only surgery

89 (3.6)Surgery + radiotherapy

739 (30.2)None

aSEER: Surveillance, Epidemiology, and End Results.
bADC: adenocarcinoma.
cSCC: squamous cell carcinoma.
dNSCLC: non-small cell lung cancer.

Radiotherapy Versus Surgery
Before PSM, the distributions of several baseline characteristics
were significantly different between the radiotherapy and
surgery groups. These included age (P<.001); sex (P=.005);
relative location of the 2 primary tumors (P<.001); diagnostic
interval (P<.001); and IPLC characteristics such as year of
diagnosis (P=.004), histology (P<.001), surgical procedure
(P<.001), radiotherapy (P=.04), and chemotherapy for MSPLC
(P<.001; Table 2). Figure 1A shows the survival outcomes
among the 4 treatment groups (P<.001). Patients who only
received radiotherapy had worse survival than those who
underwent surgical resection but better survival than the no
treatment group.

To evaluate the role of radiotherapy in terms of treatment for
MSPLC, multiple PSM analyses were performed to compare
radiotherapy with no treatment, surgery, and surgery plus
radiotherapy. After PSM (ratio: 1:1; caliper=0.01), all baseline
characteristics were matched well between the corresponding
comparison groups (Table 2 and Tables S1 and S2 in Multimedia
Appendix 1). As shown in Figure 1, the radiotherapy group had
significantly better survival outcomes than the no treatment
group (P<.001; Figure 1B) but significantly worse survival
outcomes than the surgery group (P<.001; Figure 1C). However,
radiotherapy seemed to not improve the survival outcome among
patients who received surgery for MSPLC (P=.26; Figure 1D).
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Table 2. Comparison of baseline characteristics between surgery and radiotherapy for second primary lung cancer before and after propensity score
matching (PSM).

After PSMBefore PSMCharacteristic

P valueSurgery (n=470)Radiation (n=470)P valueSurgery (n=759)Radiation (n=864)

.5562.7 (9.1)63.0 (8.8)<.00162.1 (9.0)63.9 (8.9)Age (years), mean (SD)

.75.10Race, n (%)

393 (83.6)401 (85.3)642 (84.6)737 (85.3)White

45 (9.6)39 (8.3)63 (8.3)85 (9.8)Black

32 (6.8)30 (6.4)54 (7.1)42 (4.9)Other

.95.005Sex, n (%)

203 (43.2)201 (42.8)313 (41.2)417 (48.3)Male

267 (56.8)269 (57.2)446 (58.8)447 (51.7)Female

.73<.001Relative location, n (%)

146 (31.1)152 (32.3)208 (27.4)321 (37.2)Ipsilateral

324 (68.9)318 (67.7)551 (72.6)543 (62.8)Contralateral

.56100.9 (50.5)99.1 (43.5)<.00195.8 (45.3)104.4 (48.7)Diagnostic interval (months), mean (SD)

IPLCa

.93.004Year of diagnosis

135 (28.7)135 (28.7)256 (33.7)242 (28)1988-1995

169 (36)174 (37)286 (37.7)313 (36.2)1996-2003

166 (35.3)161 (34.3)217 (28.6)309 (35.8)2004-2012

.73.499SEERb stage

306 (65.1)300 (63.8)505 (66.5)560 (64.8)Localized

164 (34.9)170 (36.2)254 (33.5)304 (35.2)Regional

.82<.001Histology

275 (58.5)275 (58.5)495 (65.2)451 (52.2)ADCc

131 (27.9)125 (26.6)173 (22.8)280 (32.4)SCCd

64 (13.6)70 (14.9)91 (12)133 (15.4)Other NSCLCe

≥.99.06Grade

52 (11.1)50 (10.6)106 (14)82 (9.5)Well differentiated

168 (35.7)167 (35.5)259 (34.1)295 (34.1)Moderately differentiated

148 (31.5)149 (31.7)231 (30.4)295 (34.1)Poorly differentiated

23 (4.9)22 (4.7)33 (4.3)42 (4.9)Undifferentiated

79 (16.8)82 (17.4)130 (17.1)150 (17.4)Unknown

.98<.001Surgery

42 (8.9)45 (9.6)47 (6.2)102 (11.8)No surgery

61 (13)59 (12.6)105 (13.8)100 (11.6)Sublevel resection

355 (75.5)353 (75.1)591 (77.9)616 (71.3)Lobectomy

12 (2.6)13 (2.8)16 (2.1)46 (5.3)Pneumonectomy

.87.77Chemotherapy

88 (18.7)91 (19.4)131 (17.3)155 (17.9)Yes

382 (81.3)379 (80.6)628 (82.7)709 (82.1)No/unknown

.93.04Radiotherapy
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After PSMBefore PSMCharacteristic

P valueSurgery (n=470)Radiation (n=470)P valueSurgery (n=759)Radiation (n=864)

88 (18.7)86 (18.3)123 (16.2)176 (20.4)Yes

382 (81.3)384 (81.7)636 (83.8)688 (79.6)No/unknown

SPLCf

≥.99<.001Chemotherapy

87 (18.5)88 (18.7)91 (12)318 (36.8)Yes

383 (81.5)382 (81.3)668 (88)546 (63.2)No/unknown

aIPLC: initial primary lung cancer.
bSEER: Surveillance, Epidemiology, and End Results.
cADC: adenocarcinoma.
dSCC: squamous cell carcinoma.
eNSCLC: non-small cell lung cancer.
fSPLC: second primary lung cancer.

Figure 1. (a) Overall survival of 2451 patients with MSPLC between 1988 and 2012 in different treatment groups before propensity score matching
(PSM). (b) Overall survival of radio-therapy and none-treatment after PSM. (c) Overall survival of radiotherapy and surgery after PSM. (d) Overall
survival of surgery and surgery plus radiotherapy after PSM.

Radiotherapy Versus Wedge Resection or Lobectomy
To further compare survival between radiotherapy and specific
surgical procedures, patients with MSPLC diagnosed with IPLC
after 2004 were selected. Those who underwent unknown or
indefinite sublevel resection, segmentectomy (very few patients)
and pneumonectomy for MSPLC were excluded. There were
716 patients included for further analyses. The demographic
characteristics are described in Table 3. Before PSM, Figure
2A shows that patients who underwent wedge resection or

lobectomy had significantly better OS than those who received
radiotherapy, and all of them had significantly better OS than
the no treatment group. More clinical parameters such as T and
N stage for IPLC and tumor size for MSPLC were matched by
PSM, and all parameters were matched well (Tables S3-S5 in
Multimedia Appendix 1). Similarly, after PSM, both wedge
resection (P=.004; Figure 2C) and lobectomy (P=.002; Figure
2D) had significantly better OS than radiotherapy. Furthermore,
radiotherapy also had greater survival benefits than no treatment
(P<.001; Figure 2B).
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Table 3. Demographic and clinical characteristics of 716 patients diagnosed with second primary lung cancer after 2004.

ResultsCharacteristic

65.8 (9.0)Age (years), mean (SD)

Race, n (%)

608 (84.9)White

65 (9.1)Black

43 (6)Other

Sex, n (%)

310 (43.3)Male

406 (56.7)Female

Relative location, n (%)

279 (39)Ipsilateral

437 (61)Contralateral

74.2 (21.4)Interval, mean (SD)

Initial primary lung cancer

T stage, n (%)

315 (44)T1

277 (38.7)T2

35 (4.9)T3

66 (9.2)T4

23 (3.2)Unknown

N stage, n (%)

528 (73.7)N0

80 (11.2)N1

97 (13.5)N2

11 (1.5)Unknown

Histology, n (%)

406 (56.7)ADCa

206 (28.8)SCCb

104 (14.5)Other NSCLCc

Grade, n (%)

94 (13.1)Well differentiated

275 (38.4)Moderately differentiated

211 (29.5)Poorly differentiated

18 (2.5)Undifferentiated

118 (16.5)Unknown

Surgery, n (%)

131 (18.3)No surgery

106 (14.8)Sublevel resection

455 (63.5)Lobectomy

24 (3.4)Pneumonectomy

Chemotherapy, n (%)

237 (33.1)Yes
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ResultsCharacteristic

479 (66.9)No/unknown

Radiotherapy, n (%)

174 (24.3)Yes

542 (75.7)No/unknown

Second primary lung cancer

Size (cm), n (%)

385 (53.8)0-3

71 (9.9)3-5

56 (7.8)>5

204 (28.5)Unknown

Surgery, n (%)

533 (74.4)No surgery

102 (14.2)Wedge resection

81 (11.3)Lobectomy

Chemotherapy, n (%)

201 (28.1)Yes

515 (71.9)No/unknown

Radiotherapy, n (%)

309 (43.2)Yes

407 (56.8)No/unknown

Treatment, n (%)

224 (31.3)None

309 (43.2)Only radiation

102 (14.2)Only wedge

81(11.3)Only lobectomy

aADC: adenocarcinoma.
bSCC: squamous cell carcinoma.
cNSCLC: non-small cell lung cancer.
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Figure 2. Overall survival of (A) 716 patients with metachronous second primary lung cancer (MSPLC) after 2004 in different treatment groups before
propensity score matching (PSM); (B) patients who received radiotherapy or no treatment, after PSM; (C) patients who received radiotherapy or
underwent wedge resection, after PSM; (D) patients who received radiotherapy or underwent lobectomy, after PSM.

ML-Based Cancer-Specific Death Risk Prediction
Using LASSO regression, we identified 9 variables that made
significant contributions to CSS (Figure 3). These variables
encompassed age at diagnosis, sex, year of diagnosis,
radiotherapy of IPLC, primary site, histology, surgery,
chemotherapy, and radiotherapy of MPSLC. The ML models
displayed outstanding performance, as indicated by high AUC
values, highlighting the superiority of artificial intelligence in
prognostic prediction (Figure 4). The decision curve analyses
are depicted in Figure 5. Additionally, we assessed the
sensitivity and specificity of each ML model using the maximal
Youden index, which represents an optimal balance between
true positives and true negatives (Table 4). Through 5-fold
cross-validation, the XGB, RFC, and ADB models demonstrated
superior performance. In order to gain deeper insights into the

relationships between demographic characteristics and long-term
outcomes for MSPLC patients, we used these ML algorithms
to develop predictive models to assess the 1-year, 3-year, 5-year,
and 10-year risks of cumulative cancer-specific mortality based
on the aforementioned variables. Consequently, we calculated
the contribution of each variable. Notably, we identified the
variables associated with CSS at different time intervals (Figure
6). Surgery for MPSLC predominantly and substantially
influenced 1-year, 3-year, 5-year, and 10-year CSS.
Radiotherapy for MPSLC also had an impact on 1-year, 3-year,
5-year, and 10-year survival, but its effect was comparatively
less than that of surgery. The primary site and histology of
MPSLC affected 1-year, 3-year, and 5-year CSS, but it had no
impact on 10-year CSS. Additionally, radiotherapy for IPLC
had an impact on 1-year and 3-year CSS but had minimal
influence on 5-year and 10-year survival.
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Figure 3. Machine learning model using least absolute shrinkage and selection operator (LASSO) regression analysis for risk prediction of cumulative
cancer-specific mortality in patients with metachronous second primary lung cancer (MSPLC): (A) 5-fold cross-validation results and (B) model
regression coefficient profile.
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Figure 4. Receiver operating characteristic (ROC) curves for machine learning models for risk prediction of cumulative cancer-specific mortality in
patients with metachronous second primary lung cancer (MSPLC): (A) 1-year lymphoma-specific mortality; (B) 3-year lymphoma-specific mortality;
(C) 5-year lymphoma-specific mortality; (D) 10-year lymphoma-specific mortality. ADB: adaptive boosting; ANN: artificial neural network; AUC:
area under the curve; GBDT: gradient boosting decision tree; KNN: K nearest neighbor; RFC: random forest classifier; ROC: receiver operating
characteristic; XGB: extreme gradient boosting.

Figure 5. Decision curve analysis for 6 classical machine learning–based models for risk prediction of cumulative cancer-specific mortality in patients
with metachronous second primary lung cancer (MSPLC): (A) 1-year lymphoma-specific mortality; (B) 3-year lymphoma-specific mortality; (C) 5-year
lymphoma-specific mortality; (D) 10-year lymphoma-specific mortality.
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Table 4. Performance of machine learning models for risk prediction of long-term cancer-specific survival of patients with second primary lung cancer
after 2004.

AUCa (95% CI)Specificity, %Sensitivity, %Model

1-year cancer-specific survival

0.73 (0.71-0.75)60.277XGBb

0.74 (0.72-0.76)6376.7RFCc

0.75 (0.73-0.77)54.483.1ADBd

0.72 (0.70-0.74)63.670.9KNNe

0.74 (0.72-0.76)41.988.2ANNf

0.74 (0.72-0.76)3690.6GBDTg

3-year cancer-specific survival

0.77 (0.75-0.79)73.869.9XGB

0.77 (0.75-0.79)69.275.6RFC

0.76 (0.74-0.78)66.479.3ADB

0.75 (0.73-0.77)6479.6KNN

0.77 (0.75-0.79)59.983.6ANN

0.75 (0.73-0.77)57.684.4GBDT

5-year cancer-specific survival

0.78 (0.75-0.81)71.379.6XGB

0.79 (0.76-0.82)71.579.2RFC

0.79 (0.76-0.82)74.775.3ADB

0.77 (0.74-0.80)73.974.3KNN

0.80 (0.77-0.83)71.579.3ANN

0.78 (0.75-0.81)69.580.1GBDT

10-year cancer-specific survival

0.84 (0.80-0.88)74.778.8XGB

0.83 (0.79-0.87)40.778.3RFC

0.84 (0.80-0.88)8178.4ADB

0.78 (0.72-0.84)73.480.7KNN

0.85 (0.81-0.89)88.668.8ANN

0.85 (0.81-0.89)78.579.7GBDT

aAUC: area under the curve.
bXGB: extreme gradient boosting.
cRFC: random forest classifier.
dADB: adaptive boosting.
eKNN: K nearest neighbor.
fANN: artificial neural network.
gGBDT: gradient boosting decision tree.
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Figure 6. Machine learning model for risk prediction of cumulative cancer-specific mortality in patients with metachronous second primary lung cancer
(MSPLC) showing the feature contribution (A) to survival and (B) by cancer characteristics. ADB: adaptive boosting; RFC: random forest classifier;
XGB: extreme gradient boosting.

Age-Adjusted Competing Risk Analysis
To gain further insights into the cumulative incidence associated
with each variable, we conducted competing risk analyses
(Figure 7). Female MPSLC patients had lower cumulative
cancer-specific mortality (hazard ratio [HR]=0.79, 95% CI
0.71-0.87; P<.001). Patients diagnosed with IPLC in more recent
years also had lower cumulative cancer-specific mortality:
1996-2003 (HR=0.85, 95% CI 0.76-0.96; P<.001); 2004-2012
(HR=0.79, 95% CI 0.73-0.85; P<.001). However, patients who
received radiotherapy for their IPLC had increased mortality
(HR=1.31, 95% CI 1.16-1.50; P<.001). The histology of the
second primary lung cancer played a significant role, with higher
mortality rates for squamous carcinoma than adenocarcinoma
(HR=1.28, 95% CI 1.12-1.46; P<.001). Moreover, the use of
surgery for the second primary lung cancer was associated with
lower mortality rates. This was particularly true for sublevel
resection (HR=0.37, 95% CI 0.32-0.43; P<.001), lobectomy

(HR=0.56, 95% CI 0.51-0.61; P<.001), and pneumonectomy
(HR=0.80, 95% CI 0.71-0.89; P<.001). Conversely, the use of
chemotherapy or radiotherapy for the second primary lung
cancer was associated with increased mortality rates, potentially
due to the severity of the patients' initial condition
(chemotherapy: HR=1.64, 95% CI 1.47-1.83; P<.001;
radiotherapy: HR=1.19, 95% CI 1.07-1.33; P<.001).

Therefore, we performed additional analyses for the different
treatment modalities, as shown in Figure 8. Surgery alone
(HR=0.83, 95% CI 0.81-0.85; P<.001) had the lowest
cancer-specific mortality, followed by surgery and chemotherapy
(HR=0.76, 95% CI 0.71-0.82, P<.001) and surgery and
radiotherapy (HR=0.79, 95% CI 0.71-0.88, P<.001). Among
different surgical approaches, sublevel resection alone
(HR=0.26, 95% CI 0.21-0.31, P<.001) had the lowest mortality
rate, followed by pneumonectomy alone (HR=0.72, 95% CI
0.63-0.82, P<.001) and lobectomy alone (HR=0.92, 95% CI
0.78-1.09, P<.001).
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Figure 7. Cumulative cancer-specific mortality per age-adjusted competing risk analysis in subgroup analysis by (A) age, (B) sex, (C) year of diagnosis
of the initial primary lung cancer, (D) radiotherapy of the initial primary lung cancer, (E) primary site of the second primary lung cancer, (F) histology
of the second primary lung cancer, (G) surgery for the second primary lung cancer, (H) chemotherapy of the second primary lung cancer, (I) radiotherapy
of the second primary lung cancer. HR: hazard ratio.
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Figure 8. Age-adjusted competing risk analysis to estimate the cumulative cancer-specific mortality with different treatment modalities: (A) treatment
for second primary lung cancer, (B) radiotherapy alone versus surgery alone. HR: hazard ratio.

Discussion

Principal Findings
With the rapid advancement and wide application of low-dose
computed tomography for screening of pulmonary nodules,
more patients are being diagnosed with MSPLC. Multiple
primary lung cancer (MPLC) is a special kind of lung carcinoma
that can be categorized into synchronous MPLC and
metachronous MPLC. Among these, MSPLC is the most
common form of MPLC that can be expected to receive curable
management. However, limited progress has been made so far
on accurate diagnoses, optimal medical interventions, and
prognostic outcomes. In this study, our findings suggest that
surgical resections, including wedge resection and lobectomy,
contribute to better survival rates than radiation therapy in the
context of MSPLC. However, it is important to note that
radiation therapy remains a viable and valid alternative for the
treatment of MSPLC.

Surgical resection is reportedly feasible for MSPLC and could
significantly improve the prognosis [5-9], but the role of
radiation therapy in the treatment of MSPLC remains unclear.
Considering that patients who previously underwent surgery
for IPLC may not tolerate another pulmonary resection, finding
optimal alternative treatments is important. Therefore, using
the population-based SEER database, this study used PSM
analyses and ML techniques to first compare survival outcomes

between patients who received radiotherapy or underwent
surgical resection for MSPLC.

Of all enrolled patients, most (2187/2451, 89.2%) had undergone
surgery for IPLC before (Table 1). However, 65.4% (1603/2451)
of the patients with MSPLC did not undergo surgical resection
for MSPLC, and 35.3% (864/2451) of them received radiation
therapy (Table 1). It could be inferred that a considerable
proportion of patients with MSPLC could not tolerate another
surgical resection, and radiotherapy might be the predominant
alternative treatment for them. Although surgical resection was
first recommended for patients with MSPLC, radiation therapy
is also important, especially for inoperable cancers. Given that
very few studies have focused on long-term survival outcomes
after radiotherapy versus surgery, this study may provide a more
solid indication in terms of the use of radiotherapy for patients
with MSPLC.

Previous studies reported that 5-year OS rates for patients with
MSPLC varied, ranging from 26% to 38% [20-22]; these rates
are similar to that of our study (34.7% for the entire cohort).
The 5-year survival rates were 18.0% for radiotherapy, 49.3%
for surgery, 38.8% for surgery plus radiotherapy, and 7.7% for
no treatment. Ono et al [13] reported on 19 patients who were
diagnosed with MSPLC after lung resection for IPLC and
underwent proton beam therapy. Their research showed a 3-year
survival rate of 63.2% and a 3-year local control rate of 84.2%,
which indicated the safety and feasibility of proton beam therapy
for patients with MSPLC. Miyazaki et al [23] compared survival
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outcomes among metachronous MPLC patients after stereotactic
body radiotherapy (N=26) and surgery (N=51) and found no
significant differences. The study by Taioli et al [24] included
494 cases from the SEER database and showed that OS was
better with surgery than with radiation therapy after the
treatment of MSPLC [24]. However, their inclusion criteria
were not rigorous enough; the diagnostic interval between the
2 primary lung tumors was too short (6 months), which could
fail to exclude patients with relapse or metastasis. Additionally,
the analyses were not adjusted for confounding factors, and this
might have caused significant bias. In our study, multiple PSM
analyses were performed to control for confounding effects.
The surgery group had significantly better survival than the
radiotherapy group (P<.001), and the radiotherapy group had
greater survival than the no treatment group (P<.001; Figure
1). Therefore, surgical resection should be considered first for
patients with MSPLC if their physical condition and pulmonary
function reserve permit. For those with an inoperable cancer or
who are not willing to undergo another surgery, radiation
therapy may be an alternative. Additionally, after PSM, there
was no significant difference between the surgery and surgery
plus radiotherapy groups (P=.26), which indicated that
preoperative or postoperative radiotherapy might not increase
survival benefits for patients with MSPLC.

Lobectomy remains the commonly accepted standard treatment
for resectable NSCLC. In recent years, sublobar resections have
been widely reported to be adequate in early-stage NSCLC,
resulting in less impairment and greater respiratory function
reserve [1,25,26]. However, the prognostic role of sublobar
resection among patients with MSPLC has not been clearly
clarified. Yang et al [8] identified 454 matched pairs of patients
with MSPLC receiving lobectomy or sublobar resection from
the SEER database and found that the lobectomy group had
significantly better survival than the sublobar resection group.
Lee et al [27] concluded that MSPLC had similar survival
outcomes with wedge resection and lobectomy by analyzing
625 patients with a diagnostic interval ≥6 months. There have
been few studies that have focused on survival outcomes after
radiotherapy compared with wedge resection or lobectomy.
Thus, to further verify the rigorousness of our study, patients
diagnosed after 2004 and with definite therapeutic information
(only including no treatment, radiotherapy, wedge resection,
and lobectomy) were selected to compare survival outcomes
between those undergoing radiotherapy or specific surgical
resections. Very few cases underwent segmentectomy (n=16)
or surgery plus radiotherapy (n=11) for MSPLC and were
excluded. Additionally, T and N stage (American Joint
Committee on Cancer, 6th edition) for IPLC and tumor size
were also adjusted using PSM analyses. Of the 716 patients
diagnosed after 2004, 53.8% had MSPLC with a tumor size ≤3
cm, while a limited number of patients (127/716, 17.3%; Table
2) had a tumor larger than 3 cm, though some patients’ MSPLC
tumor sizes were unknown (204/716, 28.5%). This implied that
most of the patients with MSPLC could be categorized as
“early-stage” NSCLC if their tumors were recorded as initial
lung cancer, which is a strong indication for sublobar resection
and radiation therapy. There were actually only a few patients
that underwent lobectomy for MSPLC (entire sample: 352/2451,
14.4%; diagnosed after 2004: 81/716, 11.3%). Radiotherapy

seemed to be the most common treatment for MSPLC (entire
sample: 864/2451, 35.3%; diagnosed after 2004: 309/716,
43.2%). All the aforementioned facts indicate that most patients
with MSPLC might not tolerate another surgical resection,
especially lobectomy, or be more willing to receive noninvasive
radiation therapy. Therefore, comparing survival outcomes
between radiotherapy and wedge resection or lobectomy is
highly necessary. As shown in Figure 2, the radiotherapy group
also had significantly greater OS than the no treatment group
(P<.001) but poorer OS than both the lobectomy (P=.002) and
wedge resection (P=.004) groups. When patients’ physical
condition and pulmonary function reserve permit, whether
choosing lobectomy or wedge resection, patients undergoing
surgical resection may gain greater survival benefits than those
receiving radiation therapy.

The development of long-term outcome prediction models using
ML techniques represents a significant breakthrough in the field
of MSPLC. This paper convincingly demonstrates the utility of
ML algorithms for accurately predicting cumulative
cancer-specific mortality at various time intervals. The
exceptional performance of these predictive models emphasizes
the superiority of artificial intelligence in prognostic prediction,
offering precise and reliable predictions for individual patients.
Integrating such models into routine clinical practice has the
potential to optimize treatment strategies and improve patient
outcomes in MSPLC. Furthermore, the study uses competing
risk analysis to delve into the impact of different factors on CSS
among MSPLC patients across distinct time intervals. The
findings provide valuable insights into the factors influencing
both short-term (1-year and 3-year) and long-term (5-year and
10-year) survival outcomes. This enhanced understanding of
the factors affecting patient outcomes contributes to improved
prognostic assessments and facilitates informed treatment
decision-making by clinicians.

Generally, patients with MPLC had better survival outcomes
than those with intrapulmonary metastases from IPLC after
surgery [22,28]. However, effective methods to accurately
identify MPLC patients have not existed until now. Previous
studies identified patients with MSPLC using inclusion and
exclusion criteria that lacked rigor [8,24,27]. In this study, to
avoid the potential confounding effect of metastases, we only
included patients with a diagnostic interval greater than 4 years,
which indicated a thoroughly representative group of patients
with MSPLC [16].

To the best of our knowledge, using PSM analyses and ML
techniques on the largest cohort of patients with MSPLC, this
study is the first to compare the survival outcomes after
radiotherapy with those after surgical resection for MSPLC.
Nevertheless, limitations in some aspects of the study still exist.
First, this is a retrospective study based on the study population
from the SEER database. A certain degree of data bias could
not be totally avoided. Second, there might have been an
inclination for treatment regarding the patients who received
radiotherapy, because they were usually ineligible for surgery
due to poorer physical condition and insufficient pulmonary
function reserve. Thus, though we tried to control for the
confounding effects using PSM, patient bias between different
treatment groups also existed because details on physical
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condition and lung function were unknown. Further evaluation
should be performed by prospective studies in the future. Third,
since very few patients underwent a pneumonectomy and were
thus excluded from our study, the prognostic role of
pneumonectomy for patients with MSPLC requires a large
cohort to verify. Additionally, we acknowledge the limitations
inherent in the SEER database, which lacks comprehensive
information, including details on immunotherapy and targeted
therapy and the specifics of radiotherapy such as the target
volume, treatment dose, and radiation technology. We hope that
future cohort studies will incorporate these specifics to provide

a more comprehensive understanding of the treatment landscape
for MSPLC.

Conclusions
Overall, this study indicated that surgical resections such as
wedge resection and lobectomy performed better than radiation
therapy in terms of survival of patients with MSPLC. However,
many patients with MSPLC may not tolerate surgery because
of previously treated initial lung cancer. Among the treatment
options, radiation therapy confers great survival outcomes and
can be a valid alternative for surgery. Future prospective studies
can be designed to further confirm the effectiveness of radiation
therapy for MSPLC.

Acknowledgments
This work was supported by the Postdoctoral Fellowship Program of CPSF (GZB20230481), Post-Doctor Research Project, West
China Hospital, Sichuan University (2024HXBH149, 2024HXBH006), National Natural Science Foundation of China (82303773,
82303772, 82303694), Natural Science Foundation of Sichuan Province (2023NSFSC1885, 024NSFSC1908), and Key Research
and Development Program of Sichuan Province (23ZDYF2836).

Data Availability
The data sets generated and analyzed during the current study are available in the SEER database [14].

Authors' Contributions
YW conceptualized and supervised the study, acquired the funding, validated the data, and reviewed and edited the manuscript
draft. YZ curated the data. YZ, AZ, and YY performed the methodology and wrote the original manuscript draft. All authors
have read and agreed to the published version of the manuscript.

Conflicts of Interest
None declared.

Multimedia Appendix 1
Supplemental tables.
[DOCX File , 57 KB-Multimedia Appendix 1]

References

1. Altorki NK, Yip R, Hanaoka T, Bauer T, Aye R, Kohman L, et al. I-ELCAP Investigators. Sublobar resection is equivalent
to lobectomy for clinical stage 1A lung cancer in solid nodules. J Thorac Cardiovasc Surg. Feb 2014;147(2):754-62;
Discussion 762. [FREE Full text] [doi: 10.1016/j.jtcvs.2013.09.065] [Medline: 24280722]

2. Rami-Porta R, Bolejack V, Giroux DJ, Chansky K, Crowley J, Asamura H, et al. The IASLC Lung Cancer Staging Project:
the new database to inform the eighth edition of the TNM classification of lung cancer. Journal of Thoracic Oncology. Nov
2014;9(11):1618-1624. [doi: 10.1097/jto.0000000000000334]

3. Thakur MK, Ruterbusch JJ, Schwartz AG, Gadgeel SM, Beebe-Dimmer JL, Wozniak AJ. Risk of second lung cancer in
patients with previously treated lung cancer: analysis of Surveillance, Epidemiology, and End Results (SEER) data. J Thorac
Oncol. Jan 2018;13(1):46-53. [FREE Full text] [doi: 10.1016/j.jtho.2017.09.1964] [Medline: 28989038]

4. Surapaneni R, Singh P, Rajagopalan K, Hageboutros A. Stage I lung cancer survivorship: risk of second malignancies and
need for individualized care plan. J Thorac Oncol. Aug 2012;7(8):1252-1256. [FREE Full text] [doi:
10.1097/JTO.0b013e3182582a79] [Medline: 22627646]

5. Hamaji M, Ali SO, Burt BM. A meta-analysis of resected metachronous second non-small cell lung cancer. Ann Thorac
Surg. Apr 2015;99(4):1470-1478. [doi: 10.1016/j.athoracsur.2014.11.033] [Medline: 25725930]

6. Hamaji M, Allen MS, Cassivi SD, Deschamps C, Nichols FC, Wigle DA, et al. Surgical treatment of metachronous second
primary lung cancer after complete resection of non-small cell lung cancer. J Thorac Cardiovasc Surg. Mar
2013;145(3):683-90; discussion 690. [FREE Full text] [doi: 10.1016/j.jtcvs.2012.12.051] [Medline: 23414986]

7. Yang J, Liu M, Fan J, Song N, He W, Yang Y, et al. Surgical treatment of metachronous second primary lung cancer. Ann
Thorac Surg. Oct 2014;98(4):1192-1198. [doi: 10.1016/j.athoracsur.2014.05.050] [Medline: 25134862]

JMIR Cancer 2024 | vol. 10 | e53354 | p. 18https://cancer.jmir.org/2024/1/e53354
(page number not for citation purposes)

Zheng et alJMIR CANCER

XSL•FO
RenderX

https://jmir.org/api/download?alt_name=cancer_v10i1e53354_app1.docx&filename=39b423c6f4705e89636602573c01ee4a.docx
https://jmir.org/api/download?alt_name=cancer_v10i1e53354_app1.docx&filename=39b423c6f4705e89636602573c01ee4a.docx
https://linkinghub.elsevier.com/retrieve/pii/S0022-5223(13)01165-3
http://dx.doi.org/10.1016/j.jtcvs.2013.09.065
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24280722&dopt=Abstract
http://dx.doi.org/10.1097/jto.0000000000000334
https://linkinghub.elsevier.com/retrieve/pii/S1556-0864(17)32766-1
http://dx.doi.org/10.1016/j.jtho.2017.09.1964
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28989038&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S1556-0864(15)32690-3
http://dx.doi.org/10.1097/JTO.0b013e3182582a79
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22627646&dopt=Abstract
http://dx.doi.org/10.1016/j.athoracsur.2014.11.033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25725930&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0022-5223(12)01600-5
http://dx.doi.org/10.1016/j.jtcvs.2012.12.051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23414986&dopt=Abstract
http://dx.doi.org/10.1016/j.athoracsur.2014.05.050
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25134862&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


8. Yang X, Zhan C, Li M, Huang Y, Zhao M, Yang X, et al. Lobectomy versus sublobectomy in metachronous second primary
lung cancer: a propensity score study. Ann Thorac Surg. Sep 2018;106(3):880-887. [doi: 10.1016/j.athoracsur.2018.04.071]
[Medline: 29852145]

9. Zuin A, Andriolo LG, Marulli G, Schiavon M, Nicotra S, Calabrese F, et al. Is lobectomy really more effective than sublobar
resection in the surgical treatment of second primary lung cancer? Eur J Cardiothorac Surg. Aug 2013;44(2):e120-5;
discussion e125. [doi: 10.1093/ejcts/ezt219] [Medline: 23657547]

10. Onishi H, Shirato H, Nagata Y, Hiraoka M, Fujino M, Gomi K, et al. Stereotactic body radiotherapy (SBRT) for operable
stage I non-small-cell lung cancer: can SBRT be comparable to surgery? Int J Radiat Oncol Biol Phys. Dec 01,
2011;81(5):1352-1358. [doi: 10.1016/j.ijrobp.2009.07.1751] [Medline: 20638194]

11. Tandberg DJ, Tong BC, Ackerson BG, Kelsey CR. Surgery versus stereotactic body radiation therapy for stage I non-small
cell lung cancer: A comprehensive review. Cancer. Feb 15, 2018;124(4):667-678. [FREE Full text] [doi: 10.1002/cncr.31196]
[Medline: 29266226]

12. Ishihara T, Yamada K, Harada A, Yukiue H, Tanahashi M, Niwa H, et al. Stereotactic body radiotherapy for second primary
lung cancer and intra-parenchymal lung metastasis in patients previously treated with surgery: evaluation of indications
and predictors of decreased respiratory function. Acta Oncol. Sep 2018;57(9):1232-1239. [doi:
10.1080/0284186X.2018.1468088] [Medline: 29722594]

13. Ono T, Nakamura T, Azami Y, Suzuki M, Wada H, Kikuchi Y, et al. Proton beam therapy is a safe and feasible treatment
for patients with second primary lung cancer after lung resection. Thorac Cancer. Feb 2019;10(2):289-295. [FREE Full
text] [doi: 10.1111/1759-7714.12949] [Medline: 30585704]

14. Surveillance, Epidemiology, and End Results (SEER) Program. National Cancer Institute. URL: http://seer.cancer.gov/
[accessed 2024-05-27]

15. Luo W, Phung D, Tran T, Gupta S, Rana S, Karmakar C, et al. Guidelines for developing and reporting machine learning
predictive models in biomedical research: a multidisciplinary view. J Med Internet Res. Dec 16, 2016;18(12):e323. [FREE
Full text] [doi: 10.2196/jmir.5870] [Medline: 27986644]

16. Martini N, Melamed MR. Multiple primary lung cancers. J Thorac Cardiovasc Surg. Oct 1975;70(4):606-612. [Medline:
170482]

17. Kozower BD, Larner JM, Detterbeck FC, Jones DR. Special treatment issues in non-small cell lung cancer: Diagnosis and
management of lung cancer, 3rd ed: American College of Chest Physicians evidence-based clinical practice guidelines.
Chest. May 2013;143(5 Suppl):e369S-e399S. [doi: 10.1378/chest.12-2362] [Medline: 23649447]

18. The R Project for Statistical Computing. The R Foundation. URL: http://www.r-project.org [accessed 2024-05-27]
19. Do I need ethical approval? UCL Research Ethics. URL: https://www.ucl.ac.uk/research-ethics/do-i-need-ethical-approval

[accessed 2024-05-27]
20. Aziz TM, Saad RA, Glasser J, Jilaihawi AN, Prakash D. The management of second primary lung cancers. A single centre

experience in 15 years. Eur J Cardiothorac Surg. Mar 2002;21(3):527-533. [doi: 10.1016/s1010-7940(02)00024-6] [Medline:
11888775]

21. Battafarano RJ, Force SD, Meyers BF, Bell J, Guthrie TJ, Cooper JD, et al. Benefits of resection for metachronous lung
cancer. J Thorac Cardiovasc Surg. Mar 2004;127(3):836-842. [FREE Full text] [doi: 10.1016/j.jtcvs.2003.08.055] [Medline:
15001914]

22. Stella F, Luciano G, Dell'Amore A, Greco D, Ammari C, Giunta D, et al. Pulmonary metastases from NSCLC and MPLC
(multiple primary lung cancers): management and outcome in a single centre experience. Heart Lung Circ. Feb
2016;25(2):191-195. [doi: 10.1016/j.hlc.2015.07.016] [Medline: 26525847]

23. Miyazaki T, Yamazaki T, Sato S, Tsuchiya T, Matsumoto K, Hatachi G, et al. Surgery or stereotactic body radiotherapy
for metachronous primary lung cancer? A propensity score matching analysis. Gen Thorac Cardiovasc Surg. Nov
2020;68(11):1305-1311. [doi: 10.1007/s11748-020-01394-3] [Medline: 32447626]

24. Taioli E, Lee DD, Kaufman A, Wolf A, Rosenzweig K, Gomez J, et al. Second primary lung cancers demonstrate better
survival with surgery than radiation. Semin Thorac Cardiovasc Surg. 2016;28(1):195-200. [doi:
10.1053/j.semtcvs.2016.02.010] [Medline: 27568161]

25. Moon MH, Moon YK, Moon SW. Segmentectomy versus lobectomy in early non-small cell lung cancer of 2 cm or less in
size: A population-based study. Respirology. Jul 2018;23(7):695-703. [doi: 10.1111/resp.13277] [Medline: 29465766]

26. Cao J, Yuan P, Wang Y, Xu J, Yuan X, Wang Z, et al. Survival rates after lobectomy, segmentectomy, and wedge resection
for non-small cell lung cancer. Ann Thorac Surg. May 2018;105(5):1483-1491. [doi: 10.1016/j.athoracsur.2018.01.032]
[Medline: 29462591]

27. Lee D, LaChapelle C, Taioli E, Kaufman A, Wolf A, Nicastri D, et al. Second primary lung cancers demonstrate similar
survival with wedge resection and lobectomy. Ann Thorac Surg. Dec 2019;108(6):1724-1728. [doi:
10.1016/j.athoracsur.2019.06.023] [Medline: 31376378]

28. Lv J, Zhu D, Wang X, Shen Q, Rao Q, Zhou X. The value of prognostic factors for survival in synchronous multifocal lung
cancer: a retrospective analysis of 164 patients. Ann Thorac Surg. Mar 2018;105(3):930-936. [doi:
10.1016/j.athoracsur.2017.09.035] [Medline: 29394993]

JMIR Cancer 2024 | vol. 10 | e53354 | p. 19https://cancer.jmir.org/2024/1/e53354
(page number not for citation purposes)

Zheng et alJMIR CANCER

XSL•FO
RenderX

http://dx.doi.org/10.1016/j.athoracsur.2018.04.071
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29852145&dopt=Abstract
http://dx.doi.org/10.1093/ejcts/ezt219
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23657547&dopt=Abstract
http://dx.doi.org/10.1016/j.ijrobp.2009.07.1751
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20638194&dopt=Abstract
https://onlinelibrary.wiley.com/doi/10.1002/cncr.31196
http://dx.doi.org/10.1002/cncr.31196
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29266226&dopt=Abstract
http://dx.doi.org/10.1080/0284186X.2018.1468088
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29722594&dopt=Abstract
https://europepmc.org/abstract/MED/30585704
https://europepmc.org/abstract/MED/30585704
http://dx.doi.org/10.1111/1759-7714.12949
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30585704&dopt=Abstract
http://seer.cancer.gov/
https://www.jmir.org/2016/12/e323/
https://www.jmir.org/2016/12/e323/
http://dx.doi.org/10.2196/jmir.5870
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27986644&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=170482&dopt=Abstract
http://dx.doi.org/10.1378/chest.12-2362
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23649447&dopt=Abstract
http://www.r-project.org
https://www.ucl.ac.uk/research-ethics/do-i-need-ethical-approval
http://dx.doi.org/10.1016/s1010-7940(02)00024-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11888775&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S002252230301821X
http://dx.doi.org/10.1016/j.jtcvs.2003.08.055
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15001914&dopt=Abstract
http://dx.doi.org/10.1016/j.hlc.2015.07.016
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26525847&dopt=Abstract
http://dx.doi.org/10.1007/s11748-020-01394-3
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32447626&dopt=Abstract
http://dx.doi.org/10.1053/j.semtcvs.2016.02.010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27568161&dopt=Abstract
http://dx.doi.org/10.1111/resp.13277
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29465766&dopt=Abstract
http://dx.doi.org/10.1016/j.athoracsur.2018.01.032
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29462591&dopt=Abstract
http://dx.doi.org/10.1016/j.athoracsur.2019.06.023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31376378&dopt=Abstract
http://dx.doi.org/10.1016/j.athoracsur.2017.09.035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29394993&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Abbreviations
ADB: adaptive boosting
ANN: artificial neural network
AUC of ROCs: area under the receiver operating characteristic curves
CSS: cancer-specific survival
GBDT: gradient boosting decision tree
HR: hazard ratio
ICD-O: International Classification of Diseases for Oncology
IPLC: initial primary lung cancer
KNN: K nearest neighbor
LASSO: least absolute shrinkage and selection operator
ML: machine learning
MPLC: multiple primary lung cancer
MSPLC: metachronous second primary lung cancer
NSCLC: non-small cell lung cancer
OS: overall survival
PSM: propensity score matching
RFC: random forest classifier
SEER: Surveillance, Epidemiology, and End Results
WHO: World Health Organization
XGB: extreme gradient boosting
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