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Background: Bone is a common metastatic site in postoperative metastasis, but related risk factors for
early-stage non-small cell lung cancer (NSCLC) remain insufficiently investigated. Thus, the study aimed to
identify risk factors for postoperative bone metastasis in early-stage NSCLC and construct a nomogram to
identify high-risk individuals.

Methods: Between January 2015 and January 2021, we included patients with resected stage I-II NSCLC
at the Department of Thoracic Surgery, West China Hospital. Univariable and multivariable Cox regression
analyses were used to identify related risk factors. Additionally, we developed a visual nomogram to forecast
the likelihood of bone metastasis. Evaluation of the model involved metrics such as the area under the curve
(AUC), C-index, and calibration curves. To ensure reliability, internal validation was performed through
bootstrap resampling.

Results: Our analyses included 2,106 eligible patients, with 54 (2.56%) developing bone metastasis.
Multivariable Cox analyses showed that tumor nodules with solid component, higher pT stage, higher
pN stage, and histologic subtypes especially solid/micropapillary predominant types were considered as
independent risk factors of bone metastasis. In the training set, the developed model demonstrated AUCs
of 0.807, 0.769, and 0.761 for 1-, 3-, and 5-year follow-ups, respectively. The C-index, derived from 1,000
bootstrap resampling, showed values of 0.820, 0.793, and 0.777 for 1-, 3-, and 5-year follow-ups. The
calibration curve showed that the model was well calibrated.

Conclusions: The predictive model is proven to be valuable in estimating the probability of bone
metastasis in early-stage NSCLC following surgery. Leveraging four easy-to-acquire clinical parameters,
this model effectively identifies high-risk patients and enables individualized surveillance strategies for better

patient care.
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Introduction

Surgery is the established standard treatment for early-stage
non-small cell lung cancer (NSCLC). However, previous
study reported that up to 16.6% early-stage NSCLC
patients after radical surgery experienced distant metastasis,
which largely leads to poor survival (1). The advancement
of low-dose computed tomography (CT) for lung cancer
screening has notably increased the detection of early-stage
NSCLC (2). The potential for postoperative metastasis
may become more pronounced within the expanding early-
stage NSCLC population. Thus, it is critically important
in clinical practice to identify risk factors associated with
distant metastasis in early-stage NSCLC, enabling the
implementation of personalized surveillance strategies for
high-risk patients.

In NSCLC, bone is one of the most frequent distant
metastatic sites (3,4). Despite the advancements in
treatment strategies contributing to improved prognosis,
approximately 30-40% of NSCLC patients experience
bone metastasis during disease progression (3,5). The
development of bone metastasis indicates poor prognosis.
Approximately 80% patients with bone metastasis will suffer
from reduced quality of life (6) and severe complications,
like spinal cord compression, pathological fractures,
hypocalcemia, and other skeletal-related events (7). Previous
works have made efforts to determine risk factors associated
with bone metastasis in NSCLC, including demographic
characteristics (younger age) (8), biomarkers (lower blood
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calcium, over-expression of bone sialoprotein, and higher
bone alkaline phosphatase) (9-11), tumor characteristics
(poor tumor differentiation, higher tumor stage, and
adenocarcinoma) (8,9). Nevertheless, a considerable
proportion of these studies included patients with advanced
lung cancer, potentially limiting the applicability of these
risk factors to the rising population of early-stage NSCLC.

In this context, this study aimed to identify risk factors
for bone metastasis in patients with resected early-stage
NSCLC and establish a predictive model for quantifying
the risk of bone metastasis. We present this article in
accordance with the TRIPOD reporting checklist (available
at https://tlcr.amegroups.com/article/view/10.21037/tlcr-
23-866/r¢) (12).

Methods
Study population

We conducted a retrospective analysis involving individuals
who underwent surgical procedures for NSCLC at the
Department of Thoracic Surgery, West China Hospital
between January 2015 and January 2021. The eligibility
criteria were as follows: (I) pathological confirmation of
NSCLC; (IT) pathological stage I-II NSCLC according
to the 8th edition of the American Joint Committee on
Cancer Staging Manual; and (III) received lobectomy.
Exclusions criteria included: (I) age less than 18 years
old; (II) not RO resection; (III) previous history of cancer;
(IV) patients who received neoadjuvant chemotherapy or
radiotherapy; (V) patients with incomplete medical records
or survival information; and (VI) atypical adenomatous
hyperplasia, adenocarcinoma in situ, and minimally invasive
adenocarcinoma. The study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013). The
study was approved by the Ethics Committee of West
China Hospital of Sichuan University (No. 2022-581). For
the retrospective nature, personal informed consent was
exempted.

Data collection and variables definition

The demographic variables [age, sex, body mass index
(BMI)], history of smoking, treatment information
(resection extent, adjuvant radiotherapy, and chemotherapy),
and tumor characteristics (solid component of nodules,
tumor location, pathological stage, and histologic subtypes)
were obtained from our database.
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Continuous variables were classified into categorical
variables based on recognized cutoffs. Age was divided into
<60 and >60 years. BMI was categorized as underweight
(<18.5 kg/m’), normal weight (18.5-24.9 kg/m’), and
overweight (>25 kg/m’). Based on the solid component
observed on the preoperative high-resolution CT, patients
without solid component were divided into solid-absent
group, while the others were included in the solid-
present group, irrespective of the proportion of the solid
component. Pathological N stage was divided into NO,
N1 single lymph node station involvement (N1a), and
N1 multiple lymph node station involvement (N1b) (13).
In term of the International Association for the Study
of Lung Cancer (IASLC)/American Thoracic Society
(ATS)/European Respiratory Society (ERS) classification
system (14), lung adenocarcinoma was divided into
well-differentiated (lepidic predominant), moderately
differentiated (acinar and papillary predominant), and
poorly differentiated (solid and micropapillary predominant)
groups. The time to bone metastasis was defined as the
duration from the date of surgery to the detection of bone
metastasis.

Sample size

We utilized the “pmsampsize” function to compute sample
size, ensuring adequate statistical power (15). These
parameters included a Cox-Snell R* of 0.05, ten candidate
predictor parameters, an overall event rate of 0.0256, a
prediction timepoint of 1 year, and an anticipated average
follow-up time of 1 year. The final required sample size was
1,750, with 45 outcome events.

Construction of the nomogram

Univariable and multivariable Cox proportional hazards
regression analyses were conducted to determine the
independent risk factors associated with bone metastasis.
Variables displaying a P value <0.05 in univariable Cox
regression analyses, along with those deemed clinically
significant, were included in the multivariable Cox
regression analyses. Additionally, a nomogram was
constructed to enhance the prediction of bone metastasis
risk, utilizing independent risk factors derived from the
multivariable Cox regression analyses, employing the “rms”
package within the R software.

Assigning a score to each patient, we categorized them
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into low- and high-risk groups. The optimal cut-off value
was determined using the “surv_cutpoint” function within
the “survminer” R package, which provides a cut-off
value that correspond to the most significant relation with
outcome. Subsequently, the differences in bone metastasis-
free survival between low- and high-risk groups were
illustrated through Kaplan-Meier curves and assessed using
the log-rank test.

Validation of the model

The performance of the predictive model was evaluated
through discrimination and calibration.

The Harrell concordance index (C-index) evaluated the
discrimination, while time-dependent receiver operating
characteristic (ROC) curves and their corresponding
areas under the curve (AUCs) were computed for 1-, 3-,
and 5-year follow-ups to further assess discrimination.
Calibration curves were plotted to evaluate the calibration,
illustrating the comparison between observed and predicted
bone metastasis risks. Internal validation was conducted
using 1,000 bootstrap resamples to estimate the optimism-
corrected C-index.

All the statistical analyses were conducted using R
version 4.3.2. A two-tailed P value below 0.05 was regarded
as statistically significant.

Results
Baseline characteristics

Baseline clinical and demographic characteristics are
summarized in Table 1. Of 2,106 eligible patients included,
54 (2.56%) patients developed bone metastasis (Figure I).
Among them, 48.81% were male and 51.80% were more
than 60 years old. The proportion of patients with right-
side lung cancer were 61.54%. There were 1,800 (85.47%)
patients and 306 (14.53%) patients diagnosed with
pathological I and II NSCLC, respectively. The proportion
of lung adenocarcinoma was 87.94%, of which 50.85% were
lepidic predominant type. A total of 388 (18.42%) patients
received adjuvant chemotherapy, and eight (0.38%) patients
received adjuvant radiotherapy. Following a median follow-
up of 29 months (interquartile interval, 18-41 months),
1.28% (27/2,106), 2.52% (53/2,106), and 2.56% (54/2,106)
of the patients developed bone metastasis within 1, 3, and
S years, respectively.
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Table 1 Clinicopathological characteristics of patients with early-stage NSCLC

Characteristics Total (n=2,106) No bone metastases (n=2,052) Bone metastases (n=54) P value

Age at diagnosis, years 0.68
<60 years 1,015 (48.20) 987 (48.10) 28 (51.85)
>60 years 1,091 (51.80) 1,065 (51.90) 26 (48.15)

BMI at diagnosis, kg/m® 0.26
<18.5 kg/m? 101 (4.80) 97 (4.73) 4 (7.41)
18.5-24.9 kg/m? 1,430 (67.90) 1,390 (67.74) 40 (74.07)
=25 kg/m® 575 (27.30) 565 (27.53) 10 (18.52)

Sex 0.005
Male 1,028 (48.81) 991 (48.29) 37 (68.52)
Female 1,078 (51.19) 1,061 (561.71) 17 (31.48)

Smoking status 0.01
Never 1,367 (64.91) 1,341 (65.35) 26 (48.15)
Current/ever 739 (35.09) 711 (34.65) 28 (51.85)

Solid component <0.001
Absent 505 (23.98) 504 (24.56) 1(1.85)
Present 1,601 (76.02) 1,548 (75.44) 53 (98.15)

Tumor location 0.52
Left 810 (38.46) 792 (38.60) 18 (33.33)
Right 1,296 (61.54) 1,260 (61.40) 36 (66.67)

Adjuvant radiotherapy 0.51
No 2,098 (99.62) 2,045 (99.66) 53 (98.15)
Yes 8(0.38) 7 (0.34) 1(1.85)

Adjuvant chemotherapy <0.001
No 1,718 (81.58) 1,687 (82.21) 31 (57.41)
Yes 388 (18.42) 365 (17.79) 23 (42.59)

Pathogenic stage <0.001
IA 830 (39.41) 823 (40.11) 7 (12.96)
B 970 (46.06) 951 (46.35) 19 (35.19)
A 82 (3.89) 77 (3.75) 5(9.26)
1B 224 (10.64) 201 (9.80) 23 (42.59)

pT stage 0.001
T1 863 (40.98) 854 (41.62) 9 (16.67)
T2 1,192 (56.60) 1,149 (55.99) 43 (79.63)
T3 51 (2.42) 49 (2.39) 2 (3.70)

Table 1 (continued)
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Table 1 (continued)
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Characteristics Total (n=2,106) No bone metastases (n=2,052) Bone metastases (n=54) P value
pN stage <0.001
NO 1,933 (91.79) 1,900 (92.59) 33 (61.11)
N1a 132 (6.27) 119 (5.80) 13 (24.07)
N1b 41 (1.95) 33 (1.61) 8 (14.81)
Histologic type <0.001
Squamous cell carcinoma 254 (12.06) 247 (12.04) 7 (12.96)
Lepidic 1,071 (50.85) 1,058 (51.56) 13 (24.07)
Acinar/papillary 744 (35.33) 712 (34.70) 32 (59.26)
Solid/micropapillary 37 (1.76) 35(1.71) 2 (3.70)

Data are presented as n (%). NSCLC, non-small cell lung cancer; BMI, body mass index.

Pathological stage I-Il NSCLC
Jan 2015-Jan 2021:
N=4,844

Other than lobectomy (N=2,149)
* Segmentectomy (N=1,315)
¢ Wedge resection (N=451)
e Combined resection (N=365)
e Others (N=18)

AAH/AIS/MIA (N=274)

Figure 1 The flow chart of the study protocol. NSCLC, non-small cell lung cancer; AAH, atypical adenomatous hyperplasia; AIS,

\

Missing information (N=315)
* Body mass index (N=145)
* Smoking status (N=31)
* Histology (N=95)
¢ Survival information (N=44)

Pathological stage I-Il NSCLC (N=2,106):

Bone metastasis (N=54)

Y

Univariable and multivariable Cox regression analyses

Y

Predictive model: nomogram

<
<

Validated by bootstrap resampling

Y

Model assessment: C-index, AUC, calibration curve

A

Low-risk group

Y

High-risk group

adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; AUC, areas under the curve.
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Risk factors for bone metastasis and individualized
nomogram

In the analyses of risk factors associated with bone
metastasis in early-stage NSCLC, tumor nodules with
solid component, higher pT stage, higher pN stage,
and histologic subtypes especially solid/micropapillary
predominant types were highlighted as independent risk
factors through the univariable and multivariable Cox
regression analyses (1zble 2). These independent risk factors
were included in the final predictive model.

Based on selected risk factors, an individualized
nomogram was established for predicting bone metastasis
in early-stage NSCLC patients (Figure 2). To facilitate
the clinical practice of the model, a dynamic nomogram
was available online (https://wudongsheng.shinyapps.
io/BoneMet/). The score of each patient was estimated
based on the established nomogram. Based on the optimal
cut-off value of 170 points, all patients were classified
into either the low-risk [bone metastasis ratio: 30/1,880
(1.60%); scores: 0-170] or the high-risk [bone metastasis
ratio: 24/280 (8.57%); scores: 171-280] groups. Significant
difference of bone metastasis-free survival rates was
observed between the low-risk and high-risk groups, as
demonstrated by the Kaplan-Meier curves and assessed

through the log-rank test (P<0.001) (Figure 3).

Validation of the nomogram

We evaluated the performance of the nomogram through
the discrimination and calibration. The nomogram achieved
a C-index of 0.793 (95% CI: 0.736-0.850), highlighting
the model’s strong discriminatory capability. Across 1-,
3-, and 5-year follow-ups, the AUCs were 0.807 (95% CI:
0.733-0.881), 0.769 (95% CI: 0.704-0.833), and 0.761
(95% CI: 0.679-0.844) respectively (refer to Figure 44-4C).
Using 1000 bootstraps resampling, the C-indexes for the
1-, 3-, and 5-year follow-ups were 0.820, 0.793, and 0.777,
correspondingly. Notably, the calibration curves exhibited
robust consistency between predicted and observed risks of
bone metastasis (Figure 4D-4F).

Discussion

In this study, we performed a retrospective study to
determine independent risk factors associated with bone
metastasis in early-stage NSCLC who received radical
surgery. Meanwhile, a quantitative nomogram was

© Translational Lung Cancer Research. All rights reserved.
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established to predict the likelihood of bone metastasis.
The predictive model showed good discrimination and
calibration.

The presence of bone metastasis in NSCLC patients
is often associated with poor prognosis. According to
the previous literature, the incidence of bone metastasis
in NSCLC varied from 30% to 40% (3,5). This study,
specifically focused on pathologic stage I-II NSCLC
patients, revealed a bone metastasis incidence of 2.56%.
Despite the relatively low incidence, the occurrence of
bone metastasis was linked to a shorter survival time and
poor quality of life, especially when skeletal related events
occur (16). In a retrospective analysis involving 374 patients
(70.1% with stage I + II disease and 29.9% with stage 111
disease), those with bone metastasis exhibited a median
survival time of 17 months (17). Comparatively, patients
without bone metastasis demonstrated a higher 3-year
overall survival rate (71.23% vs. 46.81%; P<0.001) (17).

In our study, pathological T and N stage were considered
as independent risk factors associated with bone metastasis
in resected stage I-II NSCLC. Similarly, Zhang ez /. (10),
involving 180 NSCLC patients receiving surgery, revealed
that higher pathological T and N stages correlated with
an elevated risk of bone metastasis. In a large sample size
of Surveillance, Epidemiology, and End Results (SEER)
database study, Wang ez a/. (8) also found that elevated
N stage was significantly correlated with an increased
occurrence of bone metastasis. However, in the research
conducted by Wang er al. (17), while the pathological
stage was identified as a risk factor associated with bone
metastasis, individual pathological T and N stages did not
independently contribute to the risk.

"To explore the correlation between the subclassification
of pathological N1 stage and the development of bone
metastasis, we divided pathological N1 stage into two
subcategories: single lymph node station involvement
(N1a) and multiple lymph node station involvement (N1b).
Our findings indicated that patients with multiple lymph
node station involvement displayed a higher probability of
developing bone metastasis in contrast to those with single
lymph node station involvement, which might indicate
lymph station number as a potential N descriptor. This
result aligned with previous studies, which have reported
that multiple station involvement is associated with a poorer
survival compared to single station involvement (18,19).

In this study, we noted that adenocarcinoma presented
a higher risk of bone metastasis compared to squamous
cell carcinoma, which is consistent with recent findings
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Table 2 Univariable and multivariable Cox regression analyses for patients with early-stage NSCLC

Univariable Multivariable
Variables
HR 95% Cl P value HR 95% ClI P value

Age at diagnosis

<60 years Ref Ref

>60 years 0.87 0.51-1.49 0.62 0.80 0.46-1.37 0.41
BMI at diagnosis

<18.5 kg/m® Ref

18.5-24.9 kg/m® 0.70 0.25-1.95 0.49

=25 kg/m’ 0.43 0.13-1.37 0.15
Sex

Male Ref Ref

Female 0.43 0.24-0.77 0.004 0.55 0.25-1.23 0.15
Smoking status

Never Ref Ref

Current/former 1.93 1.13-3.28 0.02 1.13 0.53-2.41 0.75
Solid component

Absent Ref Ref

Present 16.52 2.28-119.46 0.005 8.44 1.13-63.29 0.04
Tumor location

Left Ref

Right 1.26 0.71-2.21 0.43
Adjuvant chemotherapy

No Ref Ref

Yes 3.05 1.77-5.23 <0.001 0.92 0.47-1.83 0.82
pT stage

T Ref Ref

T2 3.30 1.61-6.77 0.001 212 1.01-4.43 0.047

T3 3.85 0.83-17.84 0.08 4.55 0.91-22.87 0.07
pN stage

NO Ref Ref

N1a 5.79 3.05-11.00 <0.001 4.15 1.95-8.77 <0.001

N1b 10.9 5.03-23.60 <0.001 6.81 2.70-17.18 <0.001
Histologic type

Squamous cell carcinoma Ref Ref

Lepidic 0.48 0.19-1.20 0.12 1.89 0.68-5.28 0.22

Acinar/papillary 1.55 0.68-3.51 0.29 2.84 1.18-6.83 0.02

Solid/micropapillary 2.18 0.45-10.49 0.33 2.84 0.58-13.79 0.20

NSCLC, non-small cell lung cancer; HR, hazard ratio; Cl, confidence interval; BMI, body mass index; Ref, reference.
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lung cancer.
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(8,17). Despite that many studies aimed at identifying the
underlying reasons for this increased risk in patients with
lung adenocarcinoma, the exact mechanism remains elusive.
Previous research has suggested a potential link between
elevated levels of vascular endothelial growth factor (VEGF)
in adenocarcinoma and tumor metastasis due to the pivotal
role of VEGEF in angiogenesis within tumor tissues (20,21).
Additionally, certain histologic subtype such as solid and
micropapillary predominant types in adenocarcinoma
were linked to an elevated risk of postoperative recurrence
(22-24). Furthermore, Caso er al. (25) reported that solid
and micropapillary predominant tumors exhibited higher
tumor mutational burden, copy number amplifications,
fraction of genome altered, number of oncogenic
pathways altered, and rate of whole genome doubling
compared to other invasive adenocarcinoma subtypes.
Considering these observations, we sought to determine
the association between detailed histologic subtypes and the
risk of bone metastasis. Following the IASLC/ATS/ERS
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operating characteristic.

classification (14), we divided adenocarcinoma into detailed
subtypes and found that solid/micropapillary types exhibited
a high risk of bone metastasis, which is consistent with well-
known association between these histologic subtypes and
unfavorable prognosis (14,26).

Prior research has suggested that a high consolidation-
to-tumor ratio of tumor nodules is indicative of aggressive
tumor behavior and poor prognosis (27,28). However,
the relationship between the solid component of a tumor
nodule and the risk of bone metastasis in early-stage
NSCLC has not been explored. In our study, a significant
association between the presence of solid component and
the occurrence of bone metastasis was observed. This
finding suggested that the presence of solid component on
preoperative CT" scans was a predictor for the risk of bone
metastasis in early-stage NSCLC.

In recent years, immune checkpoint inhibitors
have been approved for use in the neoadjuvant and
adjuvant settings based on event-free survival and
disease-free survival benefit. For example, the results of

© Translational Lung Cancer Research. All rights reserved.

PEARLS (29) and IMpower 010 (30) trial indicated that
platinum-based chemotherapy followed by adjuvant
atezolizumab or pembrolizumab could significantly extend
disease-free survival among resected stage II-IIIA NSCLC
patients. According to the result of CheckMate-816 (31),
the efficacy of neoadjuvant platinum-based chemotherapy
with nivolumab was impressive in preventing distant
metastasis compared to chemotherapy group among
resectable early-stage NSCLC (median event-free survival
durations: 31.6 versus 20.8 months; hazard ratio =0.63;
97.38% CI: 0.43-0.91; P=0.005). The metastatic diagram
of early-stage resectable NSCLC would experience a
great shift as the popularization of immunochemotherapy
in clinic. Although our study only identified high-risk
patients for bone metastasis after surgery restricted to
traditional treatment regimens, the result of which can
serve as a reference for future decision on clinical treatment
strategies: high-risk patients predicted by this model may
be prioritized for treatment with neoadjuvant/adjuvant
chemoimmunotherapy to maximumly lower the possibility
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of postoperative bone metastasis.

Timely detection of bone metastasis holds the potential
to facilitate less aggressive therapeutic interventions (32) and
reduce the occurrence of skeletal-related complications (33).
While skeletal system imaging and some bone formation
markers (e.g., alkaline phosphatase, procollagen I carboxyl-
terminal propeptide, etc.) stands as an effective means
of early detection for bone metastasis (5,34), these
examinations are performed in instances where symptoms
indicative of bone metastasis present or when re-staging
is required, especially in early-stage NSCLC. Moreover,
clinical implementation of routine postoperative bone
imaging in early-stage NSCLC is restricted by concerns
regarding radiation exposure and financial implications. To
address this issue, we developed a predictive model based
on preoperative imaging features, pathological stage, and
histologic subtypes. This model aids clinicians in identifying
high-risk patients who may benefit from high-sensitivity
tests for bone metastases, such as alkaline phosphatase tests
and whole-body scans, during their personalized follow-up.

Inevitably, several limitations existed in our study. Firstly,
retrospective design might introduce selection biases and
data from a single center might restrict the generalizability
of the predictive model. Secondly, due to the limited sample
size of the sublobectomy and pneumonectomy groups, our
focus was on patients who underwent lobectomy. Further
research is needed to examine the comprehensive analyses
beyond lobectomy. Thirdly, the classification of lung
adenocarcinoma into detailed subtypes was restricted by the
limited sample size in each subtype, thereby constraining
the predictive power of the predictive model. Additionally,
the limited sample size may introduce a risk of overfitting.
Thus, prospective studies with large sample size are needed
to validate our study.

Conclusions

In this study, a nomogram was developed and validated to
predict the probability of bone metastasis in patients with
resected early-stage NSCLC. Leveraging four easy-to-
acquire variables, our nomogram can help identify high-risk
patients and facilitate the individualized surveillance plans.
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