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Abstract 

Background  Risk factors for distant metastasis in early-stage lung cancer in never smokers (LCINS) remain poorly 
understood. This study aimed to identify key risk factors and to develop a clinical risk stratification model for early-
stage LCINS.

Methods  We retrospectively analyzed patients diagnosed with early-stage LCINS at West China Hospital, Sichuan 
University, from 2015 to 2020. Univariable and multivariable Cox regression analyses were performed to identify inde-
pendent risk factors for distant metastasis. A predictive model was developed and internally validated using bootstrap 
resampling, with performance assessed by the concordance index (C-index), area under the receiver operating char-
acteristic curve (AUC), calibration plot, and decision curve analysis.

Results  A total of 1,406 patients with pathological stage I-II LCINS were included, among whom 76 (5.41%) devel-
oped distant metastasis during follow-up. Multivariable Cox regression analysis revealed that independent risk factors 
included advanced pathological T and N stages, higher consolidation-to-tumor ratio, and histologic subtype, particu-
larly solid/micropapillary predominant adenocarcinoma. Based on these predictors, a predictive model was devel-
oped, demonstrating strong discrimination with a C-index of 0.799 and AUC values of 0.809, 0.791, and 0.783 
for predicting 1-, 2-, and 3-year distant metastasis, respectively. Calibration and decision curve analyses confirmed 
the reliability and clinical utility of the model.

Conclusions  This study identified risk factors and developed a clinical risk stratification model for distant metastasis 
in early-stage LCINS. This validated model enables risk stratification and personalized monitoring to facilitate early 
detection of distant recurrence in LCINS.
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Background
Lung cancer remains the leading cause of both cancer 
incidence and cancer-related mortality worldwide [1]. 
Although the majority of cases are attributable to tobacco 
exposure, the incidence of lung cancer in never smokers 
(LCINS) has been rising and is estimated as the fifth lead-
ing cause of cancer-related deaths worldwide [2]. Surgical 
resection is the standard treatment for early-stage lung 
cancer, including LCINS, and generally offers favora-
ble survival outcomes. Nevertheless, distant metastasis 
remains a major clinical challenge, with approximately 

†Dongsheng Wu, Xiaohu Hao and Zhipeng Gong contributed equally to this 
work.

*Correspondence:
Lunxu Liu
lunxu_liu@aliyun.com
1 Department of Thoracic Surgery and Institute of Thoracic Oncology, 
West China Hospital, Sichuan University, No. 37, Guoxue Alley, 
Chengdu 610041, Sichuan, China

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12957-025-03892-1&domain=pdf


Page 2 of 11Wu et al. World Journal of Surgical Oncology          (2025) 23:238 

34% of early-stage non-small cell lung cancer (NSCLC) 
developing metastatic progression after curative surgery 
[3]. Previous studies on the early-stage NSCLC have 
identified risk factors such as age, pleural invasion [4], 
histological types, and pathological stage [5] as key con-
tributors to distant metastasis. However, whether these 
risk factors are equally relevant to early-stage LCINS 
remains largely unknown, as limited research has focused 
on the distant metastatic tissue in this population.

LCINS exhibits distinct clinicopathologic character-
istics and genetic alterations compared to smoking-
related lung cancer, which may influence its metastatic 
behavior. LCINS is predominantly adenocarcinoma 
and occurs more frequently in women and individuals 
of Asian descent [6, 7]. Studies have reported that indi-
viduals with adenocarcinoma have a higher tendency for 
distant metastasis than those with squamous cell carci-
noma [5, 8]. Genomically, LCINS is characterized by a 
high prevalence of oncogenic alterations, particularly 
EGFR mutation and ALK rearrangement [9]. Population-
based studies have revealed notable differences in EGFR 
mutation patterns by ethnicity and smoking status, with 
never smokers exhibiting distinct polymorphism pro-
files compared to smokers [10]. On one hand, 50–60% 
of NSCLC patients harboring these mutations develop 
brain metastasis, a significantly higher proportion com-
pared to 16–20% in the overall NSCLC population [11]. 
On the other hand, the use of third-generation, brain-
penetrant EGFR tyrosine kinase inhibitors (TKIs) has 
reduced the risk of brain metastasis during treatment by 
approximately threefold compared to earlier TKIs [12]. In 
addition, ROS1 rearrangement—a genetic alteration also 
commonly found in LCINS—has been associated with an 
increased risk of distant metastasis [11, 13, 14]. Collec-
tively, LCINS may present a different clinical and genetic 
metastatic profile indicating the importance of studying 
LCINS as a separate population to better understand its 
risk factors of distant metastasis.

The present study aimed to retrospectively analyze the 
clinical features of early-stage LCINS who underwent sur-
gical resection, identify key risk factors for distant metas-
tasis, and develop a clinical risk stratification model.

Methods
This study was approved by the Institutional Review 
Board of West China Hospital, Sichuan University 
(No.2268) and adhered to the principles of the Declara-
tion of Helsinki (2013 revision). Given the retrospective 
design and use of de-identified patient data, the need for 
written informed consent was waived.

Patient selection
Patients who underwent lung cancer surgery at West 
China Hospital, Sichuan University, between January 
2015 and September 2020, were included in this study. 
Inclusion criteria required patients to be: (i) 18 years 
or older, (ii) never-smokers, (iii) diagnosed with patho-
logical stage I-II NSCLC based on the 8th edition of the 
IASLC staging system, and (iv) recipients of lobectomy 
with systematic lymph node dissection. Exclusion cri-
teria included: (i) patients with non-R0 resection; (ii) 
those who received neoadjuvant therapy; (iii) patients 
with a previous diagnosis of any malignancy; (iv) path-
ological evidence of pre-invasive adenocarcinoma, 
including atypical adenomatous hyperplasia, adenocar-
cinoma in situ (AIS), and minimally invasive adenocarci-
noma (MIA); and (v) incomplete clinical information of 
interest.

Clinicopathologic data and variables definition
In this study, data on clinical variables, including age (≤ 
60 years or > 60 years), sex, body mass index (BMI clas-
sified as ≤ 18.5 kg/m2, 18.5–24.9 kg/m2, and > 25 kg/m2), 
status of smoking, preoperative comorbidities assessed 
by the Charlson Comorbidity Index (CCI), tumor history, 
treatment information (including neoadjuvant therapy, 
adjuvant therapy, and surgical details), tumor charac-
teristics (including tumor location, pathological stage, 
and histological types) were obtained from the Western 
China Lung Cancer Database, which was prospectively 
collected.

Additionally, the characteristics of solid components 
of tumor nodules were assessed via preoperative high-
resolution computed tomography (CT). The solid com-
ponent was characterized by areas of increased opacity 
that concealed underlying vascular structures. Follow-
ing the Fleischner Society guidelines, the consolidation-
to-tumor ratio (CTR) was determined by comparing the 
maximum diameter of the consolidated region to that of 
the tumor [15]. A pure ground-glass nodule (pGGN) was 
defined as having a CTR of 0, a part-solid nodule (PSN) 
exhibited focal opacities (0 < CTR < 1.0), and a solid nod-
ule (SN) was characterized by a complete solid compo-
nent (CTR = 1). Pathological N staging was categorized 
as N0, N1a (N1 at a single station), and N1b (N1 at mul-
tiple stations) [16]. Additionally, lung adenocarcinoma 
is divided into three subtypes based on the IASLC/ATS/
ERS classification system: poorly differentiated (solid or 
micropapillary predominant), moderately differentiated 
(acinar or papillary predominant), and well-differentiated 
(lepidic predominant) [17].
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Outcome and follow‑up
The primary outcome of this study was the occurrence 
of distant metastasis during the long-term follow-up of 
patients who underwent radical resection. Distant metas-
tasis was defined according to the American College of 
Surgeons Oncology Group criteria, encompassing both 
intrathoracic (contralateral, mediastinal, or hilar lymph 
nodes) and extrathoracic metastasis (brain, bone, liver, 
adrenal gland, distant lymph nodes, and other sites) [18]. 
The interval from the surgery date to the first observation 
of metastatic spread was defined as the time to distant 
metastasis.

Patient follow-up was conducted through regular tele-
phone calls or visits to the outpatient department. Status 
assessments were based on periodic evaluations, which 
included chest CT scans, upper abdominal CT scans, and 
brain magnetic resonance imaging (MRI) or CT scans, 
as appropriate. The follow-up schedule was structured 
to include visits every 3 to 6 months during the first two 
years, every 6 months for the next three years, and annu-
ally thereafter. Additionally, additional procedures such 
as bone scans, positron emission tomography/computed 
tomography (PET/CT), or biopsies were conducted as 
needed.

Statistical analysis
Continuous variables were categorized based on their 
clinical relevance. Categorical variables were reported as 
numbers and percentages, and statistical significance was 
evaluated using the Pearson Chi-squared test. The Cox 
regression model was performed for both univariable 
and multivariable analyses to uncover independent risk 
factors for distant metastasis in early-stage LCINS. Vari-
ables with a P value of less than 0.05 in the univariable 
analysis were subsequently incorporated into the multi-
variable analysis. The independent risk factors identified 
were then used to construct a predictive model for dis-
tant metastasis at 1, 2, and 3 years.

To ensure unbiased estimates and minimize the risk of 
overfitting, internal validation of the nomogram was con-
ducted through 1,000 bootstrap resampling. The perfor-
mance of the predictive model was evaluated in terms of 
both discrimination and calibration. Discrimination was 
measured using the Harrell concordance index (C-index), 
along with the receiver operating characteristic (ROC) 
curves and the area under the curve (AUC). Calibration 
was evaluated using calibration curves. Decision curve 
analysis (DCA) was conducted to assess the potential 
clinical benefit of the model. Additionally, clinical risk 
stratification was performed using the “surv_cutpoint” 
function from the R package “survminer” to determine 
the optimal cutoff value for the clinical risk stratification. 
A significance level of P < 0.05 was established, and all 

tests were two-tailed. The statistical analyses were per-
formed using R software (version 4.3.2).

Results
Baseline characteristics
In this study, a total of 1,406 LCINS who underwent lung 
cancer surgery were included (Fig.  1). Among them, 76 
patients (5.41%) developed distant metastasis during 
the follow-up period. The baseline characteristics of the 
cohort are summarized in Table 1. No significant differ-
ences were observed between patients with and without 
distant metastasis regarding age (P = 0.501) or sex (P = 
0.371). Patients who developed distant metastasis were 
more likely to have a CCI of ≥ 1 (85.53% vs. 74.66%, P = 
0.046) and SN on preoperative CT (90.79% vs. 58.05%, P < 
0.001). Additionally, adjuvant chemotherapy was admin-
istered more frequently in the metastasis group (35.53% 
vs. 12.86%, P < 0.001). Tumor-related characteristics 
also showed significant differences. Patients with distant 
metastasis were more likely to present with advanced 
pathological stages, particularly stage IIB (34.21% vs. 
5.56%, P < 0.001). They also had higher pT and pN stages 
(P < 0.001). In the LCINS cohort, adenocarcinoma was 
the predominant histologic type, accounting for 97.44% 
of cases, while squamous cell carcinoma comprised only 
2.56%. Significant differences were also seen in the distri-
bution of adenocarcinoma subtypes between the metas-
tasis and non-metastasis groups (P < 0.001).

The cohort had a median follow-up duration of 31.1 
months, with an interquartile range spanning from 19.6 
to 42.5 months. Distant metastasis rates at 1, 2, and 
3  years were observed to be 2.13%, 3.77%, and 4.98%, 
respectively. The median interval from surgery to the 
onset of distant metastasis was 16.9 months, with an 
interquartile range of 9.5 to 26.1 months.

Risk factors of distant metastasis
Both univariable and multivariable Cox analyses identi-
fied four independent predictors of distant metastasis in 
early-stage LCINS (Table  2): (i) advanced pT stage, (ii) 
higher pN stage, (iii) increased CTR, and (iv) histologic 
subtype especially solid/micropapillary predominant 
adenocarcinoma.

The univariable analysis revealed several significant 
associations with distant metastasis risk (Table 2). While 
both CCI ≥ 1 (Hazard ratio [HR]: 1.94, 95% confidence 
interval [CI]: 1.02–3.68, P = 0.042) and adjuvant chemo-
therapy (HR: 3.11, 95% CI: 1.94–4.97, P < 0.001) showed 
initial significance, these associations were not main-
tained in multivariable analysis. Radiographic features 
demonstrated strong associations with metastasis risk: 
PSN (HR: 6.53; 95% CI: 1.25–33.96; P = 0.026) and SN 
(HR: 7.47; 95% CI: 1.76–31.66; P = 0.006) were associated 
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with significantly higher risk compared to pGGN. Among 
pathological variables, pT3 tumors showed the highest 
risk (HR: 8.86; 95% CI: 3.26–24.04; P < 0.001) relative to 
pT1 tumors. Similarly, nodal involvement was signifi-
cantly associated with distant metastasis, with increased 
risk observed for both pN1a (HR: 4.58; 95% CI: 2.43–
8.65; P < 0.001) and pN1b (HR: 5.63; 95% CI: 2.42–13.12; 
P < 0.001) relative to pN0. Histologically, solid/micropap-
illary-predominant adenocarcinomas were associated 
with a substantially higher risk of distant metastasis (HR: 
5.56; 95% CI: 1.28–24.07; P = 0.022) compared to squa-
mous cell carcinoma.

Model establishment and validation
Utilizing the independent predictors identified, we devel-
oped a predictive model for the risk of distant metastasis 
in early-stage LCINS, along with a corresponding nomo-
gram (Fig. 2). The nomogram assigns weighted points to 
each variable: imaging features (pGGN = 0, SSN = 82, SN 
= 88 points), histologic subtypes (squamous/lepidic = 0, 
acinar/papillary = 30, solid/micropapillary = 78), nodal 
status (N0 = 0, N1a = 67, N1b = 78), and T stage (T1 = 0, 
T2 = 26, T3 = 100). This model demonstrated strong dis-
criminatory ability, achieving a C-index of 0.799 (95% CI, 

0.748–0.850). Time-dependent ROC curve analysis sup-
ported this, with AUC values of 0.809 (95% CI, 0.736–
0.881) at 1 year, 0.791 (95% CI, 0.726–0.855) at 2 years, 
and 0.783 (95% CI, 0.726–0.840) at 3  years (Fig.  3A-C). 
Calibration plots indicated a close alignment between 
predicted and actual probabilities (Fig.  3D-F), confirm-
ing the reliability of the predictions. The DCA at 1, 2, and 
3 years showed a clear net benefit, highlighting its clini-
cal relevance (Fig.  3G-I). Internal validation using 1000 
bootstrap resamples further validated its robustness, 
with C-index values of 0.809, 0.800, and 0.796 for predic-
tions at 1, 2, and 3 years, respectively.

Clinical risk classification
Using the established nomogram, each individual was 
assigned a risk score. Based on an optimized cutoff of 138 
points, individuals were classified into two distinct risk 
categories: a low-risk group (score range 0–138, distant 
metastasis rate of 2.18%) and a high-risk group (score 
range 138–350, distant metastasis rate of 15.14%). The 
analysis showed that the low-risk group experienced a 
significantly higher rate of distant metastasis-free sur-
vival related to the high-risk group (P < 0.001) (Fig. 4).

Fig. 1  Flowchart illustrating the patient selection process. Abbreviations: NSCLC, non-small cell lung cancer; LCINS, lung cancer in never smokers; 
C-index, Harrell concordance index; ROC, receiver operating characteristic curves; AUC, area under the curve; DCA, decision curve analysis
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Table 1  Clinicopathological characteristics of patients with early-stage LCINS

Abbreviations: BMI Body mass index, CCI Charlson comorbidity index, pGGN Pure ground-glass nodule, PSN Part-solid nodule, SN Solid nodule

Characteristics Total
(n = 1406)

No distant metastasis
(n = 1330)

Distant metastasis
(n = 76)

P value

Age, years 0.501

  < 60 715 (50.85) 673 (50.60) 42 (55.26)

  ≥ 60 691 (49.15) 657 (49.40) 34 (44.74)

BMI, kg/m2 0.611

  < 18.5 66 (4.97) 62 (4.94) 4 (5.41)

  18.5–24.9 929 (69.90) 874 (69.64) 55 (74.32)

  ≥ 25 334 (25.13) 319 (25.42) 15 (20.27)

Sex 0.371

  Male 303 (21.55) 283 (21.28) 20 (26.32)

  Female 1103 (78.45) 1047 (78.72) 56 (73.68)

CCI 0.046

  0 348 (24.75) 337 (25.34) 11 (14.47)

  ≥ 1 1058 (75.25) 993 (74.66) 65 (85.53)

Findings on HRCT​  < 0.001

  pGGN 412 (29.30) 410 (30.83) 2 (2.63)

  PSN 153 (10.88) 148 (11.13) 5 (6.58)

  SN 841 (59.82) 772 (58.05) 69 (90.79)

Tumor location 0.616

  Left 508 (36.13) 478 (35.94) 30 (39.47)

  Right 898 (63.87) 852 (64.06) 46 (60.53)

Adjuvant radiotherapy 1

  No 1404 (99.86) 1328 (99.85) 76 (100.00)

  Yes 2 (0.14) 2 (0.15) 0

Adjuvant chemotherapy  < 0.001

  No 1208 (85.92) 1159 (87.14) 49 (64.47)

  Yes 198 (14.08) 171 (12.86) 27 (35.53)

Pathogenic stage  < 0.001

  IA 601 (42.75) 590 (44.36) 11 (14.47)

  IB 680 (48.36) 645 (48.50) 35 (46.05)

  IIA 25 (1.78) 21 (1.58) 4 (5.26)

  IIB 100 (7.11) 74 (5.56) 26 (34.21)

pT stage  < 0.001

  T1 617 (43.88) 604 (45.41) 13 (17.11)

  T2 765 (54.41) 709 (53.31) 56 (73.68)

  T3 24 (1.71) 17 (1.28) 7 (9.21)

pN stage  < 0.001

  N0 1324 (94.17) 1273 (95.71) 51 (67.11)

  N1a 64 (4.55) 47 (3.53) 17 (22.37)

  N1b 18 (1.28) 10 (0.75) 8 (10.53)

Histologic type  < 0.001

  Squamous cell carcinoma 36 (2.56) 33 (2.48) 3 (3.95)

  Lepidic 831 (59.10) 813 (61.13) 18 (23.68)

  Acinar/papillary 528 (37.55) 478 (35.94) 50 (65.79)

  Solid/micropapillary 11 (0.78) 6 (0.45) 5 (6.58)
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Discussion
Distant metastasis is a crucial factor affecting the prog-
nosis of early-stage LCINS patients and significantly 
influences postoperative management. LCINS has 
distinct clinicopathologic features and genetic driv-
ers compared to smoking-related lung cancer that may 
impact distant metastasis risk, highlighting the need 
to study LCINS separately to understand its unique 
risk factors. This study firstly identified differences in 

clinicopathologic characteristics between early-stage 
LCINS patients with and without distant metastasis. 
Significant risk factors were then confirmed through 
univariable and multivariable Cox regression analysis. 
Based on these predictors, we developed and validated 
a visual nomogram model to predict distant metastasis 
in early-stage LCINS. The predictive model demon-
strated strong discriminatory ability and clinical utility.

Table 2  Univariable and multivariable Cox regression analyses for patients with early-stage LCINS

Abbreviations: HR Hazard ratio, CI Confidence interval, Ref Reference, BMI Body mass index, CCI Charlson comorbidity index, pGGN Pure ground-glass nodule, PSN part-
solid nodule, SN Solid nodule

Variables Univariable Multivariable

HR 95% CI P value HR 95% CI P value

Age, years

  < 60 Ref

  ≥ 60 0.83 (0.53–1.31) 0.427

BMI, kg/m2

  < 18.5 Ref

  18.5–24.9 0.95 (0.34–2.62) 0.921

  ≥ 25 0.74 (0.24–2.22) 0.586

Sex

  Male Ref

  Female 0.70 (0.42–1.17) 0.170

CCI

  0 Ref Ref

  ≥ 1 1.94 (1.02–3.68) 0.042 1.64 (0.86–3.15) 0.136

Solid component

  pGGN Ref Ref

  PSN 8.25 (1.60–42.56) 0.012 6.53 (1.25–33.96) 0.026

  SN 16.42 (4.02–66.99)  < 0.001 7.47 (1.76–31.66) 0.006

Tumor location

  Left Ref

  Right 0.87 (0.55–1.37) 0.538

Adjuvant chemotherapy

  No Ref Ref

  Yes 3.11 (1.94–4.97)  < 0.001 0.85 (0.48–1.52) 0.587

pT stage

  T1 Ref

  T2 3.13 (1.71–5.73)  < 0.001 1.79 (0.96–3.33) 0.067

  T3 16.44 (6.56–41.21)  < 0.001 8.86 (3.26–24.04)  < 0.001

pN stage

  N0 Ref Ref

  N1a 7.49 (4.32–12.97)  < 0.001 4.58 (2.43–8.65)  < 0.001

  N1b 10.92 (5.18–23.01)  < 0.001 5.63 (2.42–13.12)  < 0.001

Histologic type

  Squamous cell carcinoma Ref Ref

  Lepidic 0.26 (0.08–0.88) 0.030 0.93 (0.25–3.45) 0.917

  Acinar/papillary 1.03 (0.32–3.29) 0.964 1.81 (0.53–6.20) 0.346

  Solid/micropapillary 6.37 (1.52–26.66) 0.011 5.56 (1.28–24.07) 0.022
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The nomogram developed for predicting distant metas-
tasis included four critical risk factors: advanced pT and 
pN stages, a high CTR in tumor nodules, and specific 
histological subtypes, particularly the presence of solid/
micropapillary-predominant adenocarcinoma. These 
factors align closely with findings from previous clinical 
studies [4, 5, 19]. This suggests that physicians should 
prioritize these high-risk patients and imaging approach 
remains a reliable and convenient method for identify-
ing patients with high risk of distant metastasis [20]. 
Specifically, we identified pathological T and N stages 
as independent risk indicators for distant metastasis in 
early-stage LCINS after radical resection, two crucial 
elements within the TNM staging system for guiding 
treatment strategies and prognosis. Earlier studies by 
Wang et al. [4] and Tian et al. [19] highlighted T stage as 
a key factor in distant metastasis risk among early-stage 
NSCLC patients, drawing from data in the Surveillance, 
Epidemiology, and End Results (SEER) database. Lymph 
node involvement emerged as a key predictor of distant 
metastasis in our model, aligning with previous studies 
that emphasized its role in distant recurrence [21, 22]. 
According to Yang et al. [23], patients with M1b NSCLC 

exhibited higher proportion of N1, N2, and N3 involve-
ment compared to those with M1a disease, and higher N 
stages were related with an elevated risk of multiorgan 
metastasis.

In the revised 8th edition TNM classification by the 
IASLC, survival analysis of N descriptors indicated that 
N1 involvement across multiple nodal stations is associ-
ated with a significantly worse prognosis than single-sta-
tion N1 involvement [16]. Building on these insights, our 
study closely examined how the number of metastatic 
lymph node stations impacts the risk of distant metasta-
sis in early-stage LCINS. Results showed that pathologi-
cal N1 multiple-station involvement significantly raised 
the risk of distant metastasis over N1 single-station cases, 
consistent with previous studies that explored novel 
pathological N-stage classifications based on factors such 
as the location of metastatic lymph nodes and number of 
involvement stations [24, 25].

Regarding the histological type, our study found that 
lung adenocarcinoma was associated with a significantly 
higher risk of distant metastasis than squamous cell car-
cinoma. Indeed, our previous study reported that ade-
nocarcinoma is the most common subtype to develop 

Fig. 2  Nomogram model for predicting distant metastasis in patients with early-stage LCINS. The patient #6 is illustrated in the nomogram 
by mapping its values to the covariate scales. The probability of distant metastasis in 1-, 2-, and 3-year follow-up are estimated to be 3.16%, 6.27%, 
and 9.56%, respectively. Abbreviation: LCINS, lung cancer in never smokers
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bone metastasis (87.04%), whereas squamous cell carci-
noma presents with significantly lower bone metastasis 
risk (12.96%) [5]. Additionally, another clinical inves-
tigation revealed that more than 50% of lung cancer 
patients with bone metastasis had adenocarcinoma [26], 
while a tumor registry study in Sweden reported a bone 
metastasis incidence of up to 39% among adenocarci-
noma cases [27]. Moreover, patients with adenocarci-
noma were observed to have a risk of brain metastasis 

that was 2.86 times greater than that of individuals with 
non-adenocarcinoma NSCLC [22]. We further exam-
ined the specific adenocarcinoma subtypes, as classified 
by the IASLC/ATS/ERS system: poorly differentiated 
(solid or micropapillary predominant), moderately dif-
ferentiated (acinar or papillary predominant), and 
well-differentiated (lepidic predominant) [17]. Results 
indicated that the solid/micropapillary subtype was 
significantly associated with the highest risk of distant 

Fig. 3  A-C Time-dependent ROC curves for predicting the probability of distant metastasis at 1, 2, and 3 years, respectively. D-F Calibration curves 
showing predicted versus observed probabilities of distant metastasis at 1, 2, and 3 years, respectively. G-I DCA illustrating the clinical utility 
of the model at 1, 2, and 3 years, respectively
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metastasis, followed by acinar/papillary types, while 
the lepidic subtype exhibited the lowest metastasis risk. 
This aligns with prior findings regarding the prognos-
tic distribution of adenocarcinoma subtypes, indicating 
substantial differences in distant metastasis risk across 
these classifications [17, 28].

Our analysis identified tumor nodules with high CTR 
of as the most significant predictor for distant metasta-
sis in early-stage LCINS. Previous studies have indicated 
that an elevated CTR is associated with more aggressive 
tumor behavior and a worse prognosis. Specifically, CTR 
has been extensively researched as a predictor of lymph 
node metastasis, particularly in Asian populations [29, 
30]. Chen et al. [31] reported that CTR not inferior to pri-
mary tumor Standardized Uptake Value max (SUVmax) 
in its preoperative predictive value for lymphatic metas-
tasis in lung cancer patients with pGGNs. Furthermore, 
Lin et al. [32] found that patients in the higher CTR sub-
group exhibited more invasive adenocarcinomas and a 
greater incidence of visceral pleural invasion than those 
in the lower CTR subgroup. In a study of lung cancer 
patients who received surgery, all cases with lymph node 
metastasis had a CTR exceeding 60% [31]. These findings 
collectively support that a high CTR on preoperative CT 
scans may serve as a valuable indicator for distant metas-
tasis risk in early-stage LCINS.

Routine postoperative surveillance for early-stage 
LCINS primarily relies on clinical assessment and chest 
CT, while advanced imaging (e.g., brain MRI, bone scin-
tigraphy) is typically reserved for symptomatic patients 
due to cost and radiation concerns. Although studies 
suggest early detection of asymptomatic metastases may 

improve outcomes [33, 34], current guidelines do not rec-
ommend routine systemic imaging for resected stage I-II 
NSCLC [35], creating a critical need for risk-stratified 
approaches. Our model addresses this gap by providing 
the first validated LCINS-specific risk quantification tool 
(C-index 0.799), enabling personalized surveillance strat-
egies: high-risk patients (score > 138, 15.14% metastasis 
rate) may benefit from intensified protocols (e.g., annual 
brain MRI/PET-CT), while low-risk patients (score 
≤ 138, 2.18% metastasis rate) can avoid unnecessary pro-
cedures. Notably, the model identifies imaging/histologic 
predictors that outperform conventional TNM staging 
alone, reflecting LCINS’s unique biology. By integrating 
these features into an accessible nomogram, we facilitate 
earlier detection and targeted interventions, optimizing 
resource utilization without compromising oncologic 
outcomes in this distinct population.

While our model offers practical and clinically relevant 
insights, several limitations should be noted. Firstly, as 
a retrospective study, it is susceptible to selection bias, 
and being conducted at a single center further limits the 
generalizability of our findings. Secondly, although fac-
tors such as EGFR mutations, ALK rearrangement, and 
lactate dehydrogenase, which are highly prevalent in 
LCINS, are potentially associated with distant metastasis 
[36–38], we were unable to include these variables due 
to limited data availability in our dataset. Thirdly, while 
the absence of metastatic events in excluded pre-invasive 
cases aligns with the indolent nature of AIS/MIA, further 
investigation through larger-scale studies with extended 
follow-up periods would be valuable to comprehensively 
evaluate metastatic potential in this population. Fourthly, 
our follow-up period was limited, potentially leading 
to an underestimation of the true incidence of distant 
metastasis. Nevertheless, our median follow-up time 
exceeded the median time to distant metastasis observed 
in our cohort, supporting the reliability of our findings. 
Additional confirmation of our findings in wider popula-
tions requires validation through prospective multicenter 
studies.

Conclusions
In summary, distant metastasis in early-stage LCINS is a 
significant concern, and we identified several independ-
ent risk factors, including advanced pT and pN stages, 
tumor with higher CTR, and specific histological sub-
types. Our predictive model demonstrated robust per-
formance in stratifying patients by their risk of distant 
metastasis. This model holds potential for enhancing 
clinical decision-making and helping for personalized 
surveillance, improving the management and prognosis 
of early-stage LCINS.

Fig. 4  Kaplan–Meier curves comparing distant metastasis 
outcomes between low- and high-risk groups for early-stage LCINS. 
Abbreviation: LCINS, lung cancer in never smokers
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