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Abstract

Background: Lung cancer survivors have a high risk of developing second primary lung cancer (SPLC), but little is known
about the survival impact of SPLC diagnosis. Methods: We analyzed data from 138 969 patients in the Surveillance,
Epidemiology, and End Results (SEER), who were surgically treated for initial primary lung cancer (IPLC) in 1988-2013. Each
patient was followed from the date of IPLC diagnosis to SPLC diagnosis (for those with SPLC) and last vital status through
2016. We performed multivariable Cox regression to evaluate the association between overall survival and SPLC diagnosis as
a time-varying predictor. To investigate potential effect modification, we tested interaction between SPLC and IPLC stage.
Using data from the Multiethnic Cohort Study (MEC) (n = 1540 IPLC patients with surgery), we evaluated the survival impact
of SPLC by smoking status. All statistical tests were 2-sided. Results: A total of 12 115 (8.7%) patients developed SPLC in SEER
over 700421 person-years of follow-up. Compared with patients with single primary lung cancer, those with SPLC had statis-
tically significantly reduced overall survival (hazard ratio [HR] = 2.12, 95% confidence interval [CI] =2.06 to 2.17; P <.001). The
effect of SPLC on reduced survival was more pronounced among patients with early stage IPLC vs advanced-stage IPLC
(HR=2.14, 95% CI =2.08 to 2.20, vs HR = 1.43, 95% CI =1.21 to 1.70, respectively; Piteraction < -001). Analysis using MEC data
showed that the effect of SPLC on reduced survival was statistically significantly larger among persons who actively smoked
atinitial diagnosis vs those who formerly or never smoked (HR =2.31, 95% CI=1.48 to 3.61, vs HR = 1.41, 95% CI=0.98 to 2.03,
respectively; Pinteraction = -04). Conclusions: SPLC diagnosis is statistically significantly associated with decreased survival in
SEER and MEC. Intensive surveillance targeting patients with early stage IPLC and active smoking at IPLC diagnosis may lead
to a larger survival benefit.

With recent advances in therapeutics and early detection tech-
nologies, the 5-year survival rate among lung cancer patients
has doubled over the past 4 decades (1,2). As of 2019, there are
571340 survivors of lung cancer in the United States, which is
expected to rapidly increase (3). Lung cancer survivors are
known to have a high risk of second primary lung cancer
(SPLC), with approximately 1%-2% of SPLC risk per patient-year
after resection (4). While several guidelines have been pro-
posed for SPLC surveillance (5-7), evidence-based screening

strategies for SPLC are still lacking among lung cancer
survivors.

Numerous studies have examined potential risk factors and
predictive models for SPLC in an effort to establish efficient
screening strategies for SPLC (8-12). Radiotherapy for initial pri-
mary lung cancer (IPLC) is associated with an increased risk of
SPLC (11), and smoking is a statistically significant risk factor for
SPLC based on an international multicohort study (8). Prediction
models for SPLC risk have been developed to identify high-risk
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lung cancer survivors for surveillance and screening for SPLC
(9,12,13). The underlying assumption of these prior studies is
that an early detection of SPLC can help reduce the overall mor-
tality burden among lung cancer survivors. However, few stud-
ies have used large population-based data to examine whether
patients who develop SPLC vs those with a single primary lung
cancer have a higher risk of mortality, and, therefore, whether
such efforts for early detection in SPLC are justified in reducing
overall mortality among lung cancer survivors.

In this study, we aimed to compare survival between
patients with SPLC vs single primary lung cancer, who were sur-
gically treated for IPLC and have a potentially curable disease.
We investigated the potential effect modification of SPLC diag-
nosis on survival by IPLC stage, histology, and age at initial diag-
nosis in the population-based data from the Surveillance,
Epidemiology, and End Results Program (SEER). We use an ex-
ternal epidemiological cohort, the Multiethnic Cohort Study
(MEC), to evaluate the survival impact of SPLC by smoking his-
tory in lung cancer survivors.

Methods

SEER Study Population

We obtained cancer data from the SEER database, covering ap-
proximately 35% of the US population. SEER-18 was used to
identify all patients (n =850341) who were diagnosed with IPLC
in 1988-2013 and were followed for SPLC and survival through
2016. Patients were excluded if they had histologic subtypes
that did not belong to lung cancer (n =92) (14) or if they had no
information for survival (n=19110). We also excluded patients
who did not undergo surgery (n =686 000) because the majority
of second malignancies develop among surgically treated
patients (9,10), who are potential curable patients (15), and SPLC
surveillance will therefore be most beneficial for these patients.
Given that advanced-staged patients do not usually undergo
surgery, we checked their surgical procedure and further ex-
cluded if they underwent limited resection (n=6027) because
these procedures might have been conducted for the sake of di-
agnostic resection or palliation purpose. We preserved
advanced-staged patients with larger operations in the primary
analysis, and we also conducted sensitivity analyses excluding
all advanced-stage patients. Lastly, patients with missing infor-
mation in race were excluded (n = 143). The final study popula-
tion included 138969 patients (Supplementary Figure 1, A,
available online).

SPLC was defined by the well-established Martini and
Melamed criteria: if the new tumor is diagnosed 2years after
the IPLC diagnosis, or the histology of new tumor developed
within 2years is different from the histology of IPLC (16). The
following data were extracted in the SEER: age at IPLC diagnosis,
sex, race, IPLC stage (early for localized and regional, and ad-
vanced for distant stage based on information given in the SEER
summary stage), IPLC histology, and first course treatment for
IPLC. We derived a variable for personal history of cancer (other
than lung cancer) before IPLC diagnosis using a record number
that sequentially numbers a person’s tumors, which was previ-
ously identified as a risk factor of second malignancies (13).

Study Outcomes

The primary outcome of the study was the time from IPLC diag-
nosis to all-cause mortality (ie, overall survival), and the
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secondary outcome was the time from IPLC diagnosis to lung
cancer-specific mortality (ie, lung cancer-specific survival).
Causes of death due to lung cancer or other causes were ascer-
tained from death certificates by the National Center for Health
Statistics. Patients were censored at the end of follow-up
(December 31, 2016) or at the date of last living contact.

Statistical Analysis

Multivariable Cox regression was used to assess survival differ-
ences between patients with a single primary lung cancer and
SPLC during the follow-up period. In evaluating the association
between survival and SPLC, we considered SPLC diagnosis as a
time-varying predictor to account for patients whose SPLC sta-
tus changed from a single primary lung cancer to SPLC during
the study period. The model was adjusted for known prognostic
factors and risk factors for SPLC based on prior literature (8-
10,13,17): sex, race, age at IPLC diagnosis, IPLC stage, and IPLC
histology.

We evaluated potential interactions between SPLC diagnosis
and key variables selected a priori that are known to be associ-
ated with SPLC risk (8-10) as well as mortality (17). In particular,
we fitted a set of models with interaction terms between SPLC
and IPLC stage, IPLC histology, and age at IPLC diagnosis—one
at a time to the main model. We conducted a likelihood ratio
test by comparing a full model with interaction terms vs a null
model without interaction terms. In addition, we performed a
stratified analysis to examine the effect of SPLC diagnosis on
survival in each subgroup stratified by the variables used for in-
teraction analysis. Given the multiplicity involved in the inter-
action analysis, we applied the Bonferroni method to account
for multiple comparisons and used the nominal significance
level of P = 0.05 is divided by the number of tests, 3 to adjust for
multiple testing. In all other tests in this study including the
analyses for the MEC, the statistical significance level of 0.05
was used. All tests were 2-sided, and statistical analyses were
performed using R version 4.0.3 (https://cran.r-project.org).

Secondary Epidemiological Cohort: The MEC

Given that SEER lacks important covariates relating to smok-
ing—a key factor affecting both SPLC and mortality—we used
data from the MEC to conduct a more detailed analysis that
addresses the survival impact of SPLC by smoking status.

The MEC is a prospective population-based cohort com-
prised of adults aged 45-75 years at enrollment (1993-1996) from
5 racial and ethnic groups, followed through 2017 for this study.
Our study population from the MEC consisted of 1540 patients,
who were diagnosed with IPLC in 1993-2017, had undergone
surgery for IPLC, and had complete information in key variables
including smoking status and IPLC stage (Supplementary Figure
1, B, available online).

Epidemiologic data were collected through a baseline ques-
tionnaire at enrollment. Smoking-related variables were
updated via a 10-year follow-up survey (2003-2008). If the 10-
year follow-up data was collected before the time at IPLC diag-
nosis (28.5%), we updated smoking information to accurately
measure the smoking effect among lung cancer patients. Tumor
characteristics and treatment information were collected at di-
agnosis (1993-2017), as specified by SEER registries.

Using the study population derived from the MEC, we tested
for effect modification by smoking status on SPLC-survival asso-
ciations. As a sensitivity analysis, we examined the interaction
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between SPLC diagnosis and an extended set of smoking
variables.

Results

In SEER (n=138969), 12115 (8.7%) patients were diagnosed with
SPLC, and 91.3% (n=126854) patients remained with a single
primary lung cancer (Table 1). Among SPLC patients, 54.6%
(n=6619) patients were diagnosed with SPLC within the first 5
years after IPLC diagnosis, and 7.4% (n = 895) patients developed
SPLC more than 10years after initial diagnosis (Supplementary
Figure 2, available online). The study cohort was comprised of
8.3% African Americans, 5.2% Asian and Pacific Islanders, 4.5%
Latinos, and 81.6% Whites. Of the study cohort, 96.0%
(n=133445) patients had an early stage IPLC diagnosis, and the
major type of surgical procedures (77.5%) was lobectomy
(Supplementary Table 1, available online).

Patients diagnosed with SPLC had statistically significantly
reduced overall survival compared with patients with a single
primary lung cancer (hazard ratio [HR] = 2.12, 95% confidence
interval [CI] =2.06 to 2.17; P < .001) (Figure 1, A; Supplementary
Table 2, available online). Adjusted survival curves by SPLC sta-
tus are shown in Supplementary Figure 3, A (available online).
Similar results were observed for lung cancer-specific survival
(Supplementary Table 3, available online), with a more pro-
nounced effect of SPLC observed on the reduction of lung can-
cer-specific survival (HR=3.20, 95% CI=3.10 to 3.30; P < .001)
(Figure 1, A; Supplementary Figure 3, B, available online).

Stratified analysis by IPLC stage showed that the effect of
SPLC on decreased overall survival was more evident among
patients with early stage IPLC vs advanced-stage IPLC
(HR=2.14, 95% CI=2.08 to 2.20, vs HR = 1.43, 95% CI=1.21 to
1.70, respectively; Pinteraction < -001) (Table 2); the difference be-
tween the 2 survival curves for SPLC vs single primary lung can-
cer was larger among early stage IPLC patients (Figure 2) vs
advanced-stage IPLC patients, indicating that patients with ad-
vanced disease have poor prognosis, and an additional diagno-
sis of SPLC would not make a large impact on overall survival.

Similar results were observed when the cohort was stratified
by the age of IPLC diagnosis (Table 2; Supplementary Figure 4,
available online); compared with patients diagnosed with IPLC at
ages 80years and older (HR = 1.50, 95% CI=1.37 to 1.64) the effect
of SPLC on reduced overall survival was greater among younger
patients (HR=3.10, 95% CI=2.67 to 3.60; Pinteraction< -001).
Stratified analysis by IPLC histology showed that the impact of
SPLC on overall survival was most pronounced among patients
with adenocarcinoma IPLC (HR=2.06, 95% CI=1.99 to 2.14) and
squamous cell IPLC (HR=2.16, 95% CI=2.07 to 2.27) (Table 2;
Supplementary Figure 5, available online) vs patients with small
cell IPLC (HR=1.43, 95% CI=1.14 to 1.79) who have poor progno-
sis, thus, SPLC diagnosis making a smaller difference on overall
survival. The results for lung cancer-specific survival showed
similar patterns overall (Supplementary Table 4, available on-
line). Sensitivity analysis that excludes all patients with
advanced-stage IPLC also showed consistent results for effect
modification (Supplementary Table 5, available online) and for
the main effects of SPLC on survival outcomes (Supplementary
Figure 6, A, available online).

The MEC cohort was used to evaluate the impact of SPLC on
survival using detailed smoking information. Of 1540 IPLC
patients who underwent surgery for IPLC in the MEC, 8.0% of
the patients were diagnosed with an SPLC over 6922 person-
years (Supplementary Table 6, available online). The

associations between SPLC diagnosis and overall survival and
lung cancer-specific survival in the MEC (Figure 1, B;
Supplementary Figure 7 and Supplementary Tables 7-8, avail-
able online) were similar to those under SEER (Figure 1, A;
Supplementary Figure 3, available online).

Analysis stratified by smoking status in the MEC showed
that the effect of SPLC on decreased overall survival was greater
among actively smoking patients at initial diagnosis (HR =2.32,
95% CI=1.49 to 3.61) than patients who had quit smoking
(HR=1.45, 95% CI=0.99 to 2.14) or never smoked (HR=1.28, 95%
CI=0.48 to 3.35); the difference between the 2 survival curves
among patients with SPLC vs single primary lung cancer was
largest in active smokers compared with never or former smok-
erS (Pinteraction = -04; Table 2 and Figure 3). Sensitivity analysis for
evaluating interactions between SPLC and other smoking varia-
bles and detailed smoking status (never, former, current) did
not show statistical significance (Supplementary Table 9 and
Supplementary Figure 8, available online). The results for lung
cancer-specific survival showed similar patterns compared
with overall survival (Supplementary Table 4, available online).
In a sensitivity analysis that excludes all advanced-stage IPLC
patients in the MEC, a consistent effect modification by smoking
status was observed as in the primary analysis in SEER, but it
did not achieve statistical significance potentially because of
the decreased sample size especially among active smokers
(Supplementary Table 5, available online).

Discussion

In this study, we used large population-based data in SEER to
show that patients who developed SPLC after an initial diagno-
sis of lung cancer had statistically significantly reduced survival
compared with those who remained with a single primary lung
cancer. Notably, the impact of SPLC diagnosis on poor prognosis
was more pronounced among patients who were diagnosed
with early stage IPLC vs advanced-stage IPLC. Analysis using
the fully characterized cohort MEC demonstrated that the effect
of SPLC diagnosis on reduced survival was larger among per-
sons who actively smoked at initial diagnosis vs those who for-
merly or never smoked, suggesting that the potential impact of
prevention or early detection of SPLC could be higher among
patients with early stage IPLC and active smoking at initial
diagnosis.

We recently demonstrated that smoking is a risk factor for
SPLC among lung cancer survivors (8). Other factors associated
with SPLC risk included IPLC stage; patients with early-stage
IPLC had a statistically significantly increased risk of SPLC vs
those with advanced-stage IPLC (8,9). Taken together, our cur-
rent findings suggest that targeting high-risk patients for SPLC
surveillance and prevention—specifically active smokers at ini-
tial diagnosis and early stage patients with IPLC—may lead to a
statistically significant mortality reduction among lung cancer
survivors. Potential prevention strategies for SPLC include
smoking cessation programs for lung cancer patients. Recent
evidence showed that participation in computed tomography
screening increased smoking cessation rates in the general pop-
ulation (18-20). Moreover, evidence-based cessation support
programs, such as counseling or pharmacotherapy, are avail-
able for cancer patients (21). Although the clinical implementa-
tion of cessation support for patients undergoing computed
tomography screening is still limited, effective programs to con-
vince lung cancer patients to stop smoking after an initial
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Table 1. All patients with surgery for IPLC in the SEER from 1998 to 2013, stratified by SPLC vs single primary lung cancer

Characteristics

Total (n =138 969)

Patients with
SPLC (n=12115)

Patients with single primary
lung cancer (n =126 854)

Age at IPLC diagnosis

Mean (SD) 67.1(10.6)
Age at IPLC diagnosis in groups, No. (%)

0-49y 7986 (5.7)

50-59y 22608 (16.3)

60-69y 45396 (32.7)

70-79y 48391 (34.8)

>80y 14588 (10.5)
Sex, No. (%)

Male 69017 (49.7)

Female 69952 (50.3)
Race, No. (%)

African American 11520 (8.3)

Asian and Pacific Islander 7287 (5.2)

Hispanic 6201 (4.5)

Other 521 (0.4)

White 113440 (81.6)
Personal history of cancer, No. (%)

Yes 28364 (20.4)

No 110605 (79.6)
Stage at IPLC?, No. (%)

Early 133445 (96.0)

Advanced 5524 (4.0)
Histology of IPLC, No. (%)

Adenocarcinoma 75738 (54.5)

Large cell 4911 (3.5)

Squamous cell 35666 (25.7)

Small cell 1970 (1.4)

Non-small cell carcinoma/NOS 5721 (4.1)

Others 14963 (10.8)
Radiotherapy for IPLC, No. (%)

Yes 20269 (14.6)

No 117 868 (84.8)

Missing 832 (0.6)

Chemotherapy for IPLC, No. (%)

Yes 31268 (22.5)

No/Unknown 107701 (77.5)
Follow-up status/cause of death, No. (%)

Alive 48202 (34.7)

Dead/Lung cancer 53916 (38.8)

Dead/Other causes 36851 (26.5)

66.8 (8.9) 67.2 (10.7)
447 (3.7) 7539 (5.9
1962 (16.2) 20646 (16. )
4804 (39.7) 40592 (32.0)
4109 (33.9) 44282 (34.7)
793 (6.5) 13795 (10.9)
5571 (46.0) 63446 (50.1)
6544 (54.0) 63408 (49.9)
962 (7.9) 10558 (8.3)
518 (4.3) 6769 (5.3)
422 (3.5) 5779 (4.6)
31(0.3) 490 (0.4)
10182 (84.0) 103258 (81.4)
2480 (20.5) 25884 (20.4)
9635 (79.5) 100970 (79.6)

11861 (97.9) 121584 (95.8)

254 (2.1) 5270 (4.2)
6631 (54.7) 69107 (54.5)
467 (3.9) 4444 (3.5)
3488 (28.8) 32178 (25.4)
133 (1.1) 1837 (1.4)
535 (4.4) 5186 (4.1)

861 (7.1) 14102 (11.1)
1216 (10.0) 19053 (15.0)
10851 (89.6) 107017 (84.4)
48 (0.4) 784 (0.6)

2322 (19.2) 28946 (22.8)
9793 (80.8) 97 908(77.2)
3936 (32.5) 44266 (34.9)
6033 (49.8) 47883 (37.7)
2146 (17.7) 34705 (27.4)

#Stage of IPLC was defined using SEER summary stage: “localized” and “regional” for early stage and “distant” for advanced stage. IPLC =initial primary lung cancer;
NOS = not otherwise specified; SEER = Surveillance, Epidemiology, and End Results Program; SPLC = second primary lung cancer.

diagnosis will be a key factor in reducing SPLC risk as well as
improving survival.

Prior studies examined overall survival among SPLC patients
in comparison to patients with a single primary lung cancer
(15,22,23). However, their limitations included a small sample
size from a single institute (22,23) or different follow-up time
frames used for comparing SPLC patients vs patients with a sin-
gle primary lung cancer (15,22), which led to inconsistent
results. In comparing survival between SPLC and single primary
lung cancer in these studies, SPLC patients were followed from
the time of SPLC diagnosis through death or loss to follow-up,
whereas patients with a single primary lung cancer were fol-
lowed from the time of initial diagnosis (15,22). Thus, clinical
implications obtained from this comparison are limited with
regards to evaluating surveillance strategies for SPLC, as SPLC

patients were followed from the time of SPLC diagnosis.
Furthermore, none of the existing studies examined potential
modifications of the effect of SPLC on survival by key factors,
such as smoking or stage. In our study, we performed a thor-
ough analysis by following all patients from the time of initial
diagnosis to evaluate survival by SPLC diagnosis status and by
conducting a set of interaction analyses that helped identify po-
tential areas of focused interventions.

Notably, our study found that the impact of SPLC diagnosis
on reduced survival was pronounced among patients with ade-
nocarcinoma and squamous cell IPLC vs those with small cell or
large cell IPLC histology. Given that patients with small cell or
large cell IPLC are associated with having poor prognosis, the
potential effect of intensive SPLC surveillance would be smaller
for these patients. Similarly, SPLC was found to have a greater
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SEER HR (95% CI) P value
Overall survival®

Single primary lung cancer ] Referent

SPLCP - 2.12 (2.06 to 2.17) <.001
Lung cancer-specific survival®

Single primary lung cancer -] Referent

SPLCP HEH 3.20 (3.10 to 3.30) <.001

0 1 2 3 3s

Adjusted hazard Ratio

Multiethnic Cohort HR (95% CI) P value
Overall survival®
Single primary lung cancer [ | Referent
SPLCP — 1.74 (1.31 to0 2.28) <.001
Lung cancer-specific survival®
Single primary lung cancer u Referent
SPLC® t = i 2.18 (1.56 to 3.05) <.001
0 1 2 3 35

Adjusted hazard Ratio

Figure 1. Forest plot of association between survival and SPLC diagnosis (vs single primary lung cancer) in multivariable Cox regression in (A) SEER and (B) Multiethnic
Cohort (MEC). *Overall and lung cancer-specific mortality was estimated using multivariable Cox regression adjusting for sex, race, age, stage, and histology at IPLC.
Square symbols indicate the estimates of hazard ratio. Error bars indicate the 95% confidence intervals (CIs). The hazard ratios (HR) for the covariates in the Cox models
are shown in Supplementary Tables 2 and 3 (available online) for SEER and Supplementary Tables 7 and 8 (available online) for MEC. "Time-varying predictor for overall
and lung cancer-specific survival. SEER = Surveillance, Epidemiology, and End Results; SPLC = second primary lung cancer.

Table 2. Evaluation of an association between SPLC and overall survival stratified by subgroups for assessing effect modification (ie,
interaction)

Data source and subgroup Case aHR of SPLC? (95% CI) Pinteraction®
SEER
Stage at IPLC®
Early 133445 2.14 (2.08 to 2.20) <.001
Advanced 5524 1.43 (1.21 to 1.70)
Age at IPLC diagnosis, y
0-49 7986 3.10 (2.67 to 3.60)
50-59 22608 2.79 (2.60 to 2.99) <.001
60-69 45396 2.31(2.22t0 2.41)
70-79 48391 1.93 (1.85 to 2.01)
>80 14588 1.50 (1.37 to 1.64)
Histology of IPLC
Small cell 1970 1.43 (1.14 to 1.79)
Large cell 4911 1.87 (1.65 to0 2.12)
Adenocarcinoma 75738 2.06 (1.99 to 2.14) <.001
Squamous cell 35666 2.16 (2.07 to 2.27)
Non-small cell carcinoma/NOS 5721 2.04 (1.81 to 2.28)
Others 14963 2.40 (2.17 to 2.65)
MEC
Smoking status?
Former/Never 983 1.41(0.98 to 2.03) .04
Current 557 2.31(1.48 to 3.61)

#Time-varying predictor for overall survival. aHR = adjusted hazard ratio; CI = confidence interval; IPLC = initial primary lung cancer; MEC = Multiethnic Cohort Study;
NOS = not otherwise specified; SEER = Surveillance, Epidemiology, and End Results Program; SPLC = second primary lung cancer.

®2-sided likelihood ratio test comparing models with and without interaction with SPLC.

“Stage of IPLC was defined using SEER summary stage: “localized” and “regional” for early stage and “distant” for advanced stage.

dAssessment of smoking status was collected at baseline and updated using 10-year follow-up, if prior to IPLC diagnosis.
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Figure 2. Stratified analysis by IPLC stage: adjusted survival curves for overall mortality among patients with second primary lung cancer vs single primary lung cancer
in SEER. Subgroup of patients with early stage of IPLC (n =133445) and patients with advanced stage of IPLC (n =11551). Overall mortality was estimated using multi-
variable Cox regression with time-varying SPLC adjusting for sex, race, age, stage, and histology at IPLC. Interaction was assessed between IPLC stage and SPLC diagno-
sis on overall survival using a 2-sided likelihood ratio test. CI = confidence interval; HR = adjusted hazard ratio; IPLC =initial primary lung cancer; SEER = Surveillance,

Epidemiology, and End Results; SPLC = second primary lung cancer.
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Figure 3. Stratified analysis by smoking status at initial diagnosis: adjusted survival curves for overall mortality among patients with second primary lung cancer vs
single primary lung cancer in the Multiethnic Cohort Study (MEC). Subgroup of patients who were former or never smoked (n=983) and who were actively smoking
(n=557) at diagnosis of IPLC. Overall mortality was estimated using multivariable Cox regression with time-varying SPLC adjusting for sex, race, age, stage, and histol-
ogy at IPLC. Interaction was assessed between smoking status and SPLC diagnosis on overall survival using a 2-sided likelihood ratio test. CI= confidence interval;
HR = adjusted hazard ratio; IPLC =initial primary lung cancer; SPLC = second primary lung cancer.

impact on decreasing survival among younger patients who are
expected to live longer, implying that follow-up strategies tar-
geting younger patients will be more impactful. We also ex-
plored other potential effect modifiers (ie, sex or race), but we
did not detect any effect modification (data not shown), in
line with previous studies not detecting their association
with SPLC (8).

To the best of our knowledge, the present study provides the
first effort that evaluates the survival impact of SPLC in lung

cancer patients using large population-based data by following
patients from the time of initial diagnosis to death. A set of rig-
orous statistical methods has been applied to assess survival af-
ter IPLC diagnosis by treating SPLC as a time-varying predictor,
thus preventing a potential time-related bias in estimating sur-
vival. We used an epidemiological cohort MEC to examine
whether smoking exposure, a modifiable risk factor, may poten-
tially interact with the effects of SPLC on survival. Testing for ef-
fect modification on SPLC-survival association identified
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specific subgroups of patients (eg, patients with active smoking
at initial diagnosis) for whom tailored screening and surveil-
lance could provide a potentially larger survival benefit.

This study has several limitations. The SEER data include
limited epidemiologic data such as smoking information.
Therefore, we used the MEC as an additional source of data to
further examine effect modification by smoking history.
However, the MEC cohort consists of a relatively healthy and
light-smoking lung cancer patient population, and the median
age at IPLC diagnosis is higher than that from other cohorts (24).
Although the MEC is not as representative of the general patient
population with lung cancer, we found that the results between
the MEC and nationally representative SEER were consistent in
our analysis, which ensured generalizability of our main find-
ing. The absolute number of SPLC cases in the MEC was rela-
tively small to examine effect modification. We did not account
for smoking behavioral changes after initial diagnosis because
of limited data availability. Among the limited number of
patients whose follow-up smoking data were available after
IPLC diagnosis in the MEC, we found a large proportion changed
their smoking behaviors (data not shown). Given this observa-
tion, our current results on SPLC by smoking interaction based
on the patients whose smoking behaviors were measured at
IPLC diagnosis may change when complete data for longitudinal
smoking information are used. We focused on patients who
underwent surgery for IPLC, which reduced the sample size by
83% and 79% in SEER and MEC, respectively. However, analysis
using the entire cohort that included nonsurgical patients
showed a consistent effect of SPLC on mortality (data not
shown), indicating that our findings are still generalizable
across all patients with lung cancer. Lastly, our data included
advanced-stage IPLC patients who underwent surgery.
Although not as common, patients with advanced-stage lung
cancer could undergo resection for curative intent if they pre-
sent with oligometastatic disease (25,26). Prior single-institution
studies reported that approximately 7% of patients with meta-
static non-small cell lung cancer is oligometastatic (27-29). We
confirmed that a smaller rate, 4% of all advanced-stage non-
small cell lung cancer patients, underwent surgery in SEER.

To conclude, based on large population-based registry data
and an epidemiological cohort study, SPLC diagnosis is statisti-
cally significantly associated with reduced survival among lung
cancer patients. More intensive surveillance and follow-up
strategies are warranted for patients with a high risk of develop-
ing SPLC to reduce overall mortality among lung cancer survi-
vors. In particular, efforts targeting patients actively smoking at
IPLC diagnosis and patients with early stage IPLC may lead to a
larger survival benefit.
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