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Abstract: Lung cancer has become the type of cancer with the highest incidence rate and the greatest threat of
death worldwide. Bone is one of the common distant metastasis sites of lung cancer. Once a patient experiences
bone metastasis, it will seriously affect the patient’s quality of life and survival period. This study aimed to investi-
gate the impact of driver gene mutations on the anatomical distribution patterns of BM in lung cancer and develop
a prediction model for specific BM sites of lung cancer. From 2019 to 2023, we enrolled 353 lung cancer patients
diagnosed with BM at our hospital. Associations between driver gene types and BM sites or timing were analyzed
using chi-square. A predictive model was constructed through logistic regression, and its performance was evalu-
ated using AUC, DCA, calibration curves, and independent cohort validation. The research found that driver gene
types were significantly associated with the risk of simultaneous pelvic metastasis (P < 0.001). Logistic regression
analysis identified five independent risk factors for simultaneous pelvic metastasis in lung cancer. The model dem-
onstrated good predictive performance, with AUC values of 0.881 in the training set and 0.816 in the validation set.
This study presents a novel analysis of the relationship between driver gene types and the spatio-temporal patterns
of BM. Based on driver gene types, we developed an accurate nomogram model for predicting BM in lung cancer.
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Introduction

Lung cancer currently exhibits the highest inci-
dence and mortality rates among all cancer-
types both in China and worldwide [1, 2]. Fur-
thermore, according to a 30-year global assess-
ment and projection of the economic burden of
cancer, tracheal, bronchial, and lung cancers
collectively account for the greatest economic
cost across all cancer types [3]. Therefore, lung
cancer has emerged as the world’s leading
cancer in terms of incidence, economic cost,
and mortality. Bone tissues, particularly weight-
bearing sites such as the spine, pelvis, and
femur, are common sites for lung cancer metas-
tasis. The incidence rate and disease pattern
of bone metastasis vary considerably across
different geographic regions [4, 5], and in some
areas, bone metastasis has become the most

frequent site of distant metastasis in lung can-
cer patients [6]. Because early-stage bone
metastasis (BM) is often asymptomatic, it is fre-
quently detected incidentally at initial staging;
consequently, approximately 64.3% of lung can-
cer patients are diagnosed with synchronous
BM at initial diagnosis, while the median time to
metachronous BM is only 9 months [7]. Fol-
lowing the development of BM, the median sur-
vival of patients ranges from 6 to 10 months,
with a 1-year survival rate of 40%-50% [8]. The
occurrence of skeletal-related events (SREs),
such as pathological fractures, bone pain, or
spinal cord compression, further reduces medi-
an survival to only 3-5 months [8]. Furthermore,
with the application of targeted therapies and
immunotherapy, the survival of lung cancer
patients has gradually improved, accompanied
by a corresponding increase in the risk of bone
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metastasis. This not only severely reduces pa-
tients’ quality of life and shortens their survival
duration [9], but also contributes to the rising
global economic burden of cancer. Therefore,
early detection and diagnosis of bone metasta-
sis, along with the implementation of individual-
ized treatment strategies, are crucial for im-
proving patient outcomes.

Accurate diagnosis and clinical staging are the
cornerstones for effective implementation of
multidisciplinary treatment (MDT), which helps
prevent or delay SREs and improve patients’
quality of life. Imaging examination remains
the primary modality for diagnosing BM in lung
cancer. Common techniques such as Emission
Computed Tomography (ECT), computed tomo-
graphy (CT), and magnetic resonance imaging
(MRI) have significantly improved the detection
of BM [10, 11]. Furthermore, the introduction
of advanced imaging technologies - including
PET/CT, spectral CT, and PET/MRI-has further
enhanced diagnostic accuracy [12, 13]. How-
ever, the majority of patients have multiple le-
sions at initial presentation, with solitary meta-
stases being relatively uncommon [14]. There
are significant differences in the risk of SREs
and the choice of treatment plans among dif-
ferent bone metastasis sites. For patients with
limited BM, surgical resection is often empha-
sized to achieve local tumor control. In contrast,
patients with widespread metastases and
severe bone pain often respond poorly to local
therapy alone and usually require systemic
treatment, including analgesics and bone-tar-
geting agents. However, the sensitivity of sim-
ple imaging examinations is limited, and it is
extremely difficult to determine the immediate
risk of SREs. Notably, approximately 50% of
lung cancer patients already exhibit varying
degrees of SREs at the time of initial bone
metastasis diagnosis via imaging examination
[15]. In addition, repeated imaging is unsuit-
able for frequent disease monitoring due to
concerns about radiation exposure. The Na-
tional Comprehensive Cancer Network (NCCN)
guidelines also recommend against frequent
imaging surveillance in asymptomatic patients.
Therefore, current imaging modalities rem-
ain insufficient for site-specific SRE risk asse-
ssment.

Radiomics applies machine learning algorithms
to extract quantitative features from medical
imaging data, enabling precise characterization
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of tumor morphology and heterogeneity [16,
17]. The proposal and development of radiomi-
cs technology have provided new research per-
spectives and ideas for the precise diagnosis
and treatment of tumors. The development of
bone metastasis involves a complex regulatory
network comprising multiple factors and path-
ways [18, 19]. Tumor cells undergo epithelial-
mesenchymal transition (EMT) to acquire a
mesenchymal-like phenotype, enabling their
dissemination from the primary tumor [20].
Following invasion and extravasation, tumor
cells colonize bone tissue and interact with the
bone microenvironment via a range of cyto-
kines, establishing a vicious cycle that drives
bone destruction [21, 22]. This process in-
volves multiple events associated with gene
expression dysregulation and epigenetic altera-
tions [23]. However, current radiomics-based
heterogeneity assessment in lung cancer BM
remains largely confined to macroscopic mor-
phology and is thus unable to capture the
underlying genetic heterogeneity or microenvi-
ronmental gene expression profiles.

Tumor-related genes are present throughout all
stages of lung cancer progression, and their
expression levels dynamically change in accor-
dance with tumor initiation and development
[24]. Moreover, these gene expression changes
can modulate protein and metabolomic pro-
files, ultimately influencing clinical outcomes
[20]. Multiple studies have demonstrated that
patients with EGFR mutations are more likely to
develop bone metastasis than those with wild-
type EGFR [25-27]. Tanaka et al. further dem-
onstrated that femoral metastasis is an inde-
pendent prognostic factor in EGFR-mutant lung
cancer, and that these patients have poorer
responses to EGFR-TKI therapy [28]. These
findings suggest that management strategies
may vary by BM site, and that targeted therapy
may not be optimal for all patients. A multi-
center study demonstrated that patients with
simultaneous bone metastasis (S-BM) have
a significantly higher risk of SREs than those
with metachronous bone metastasis [7]. Evi-
dence suggests that EGFR mutation is an inde-
pendent risk factor for SREs [29]. Collectively,
these findings support an association between
EGFR mutation and S-BM. Therefore, investi-
gating BM distribution patterns based on
genetic profiles may help address the limita-
tions of imaging in capturing intratumoral het-
erogeneity and epigenetic alterations. Such an
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Patients with diagnosis of lung cancer accompanied by
bone metastasis from 2019 to 2024 (n=570)

ing results from patients with
lung cancer bone metastasis
were collected and statistically
summarized, excluding data
that did not meet the inclusion

and exclusion
criteria, 217 excluded

According to inclusion criteria. Subsequently, correla-

tions between different driver

|

Finally 353 lung cancer patients with bone
metastases were included in the study

l

Analyze the correlation between different driver gene
types and Spatio-temporal Feature of lung cancer
patients with bone metastasis

v v

Training Group Validation Group
N=247 N=106

i 1

gene types and distinct bone
metastasis sites, as well as
between driver gene types and
the timing of bone metasta-
sis occurrence, were analyz-
ed. Pairwise comparisons we-
re conducted to evaluate the
influence of different driver
gene types on the anatomic-
al distribution pattern of lung
cancer bone metastasis. Fi-
nally, all patients were random-
ly divided into a training set
and a validation set at a ratio
of 7:3. The prediction model
was constructed in the training
set and evaluated based on
the area under the curve (AUC),

Logistic regression analysis was used to establish a
predictive model for specific bone metastasis sites in
training group,a nomogram visualization
model, ROC,DCA,and calibration curves were used to
analyze the prediction performance of the prediction model

decision curve analysis (DCA),
and calibration curves. The
performance of the finalized
model was then assessed in
the remaining 30% validation

cohort.

Figure 1. Flow diagram of the study. Spatial-temporal Feature: Spatial and .

temporal feature of bone metastasis in lung cancer patients. Spatial fea- Study subjects

ture: refer to the specific anatomical sites of bone metastasis. Temporal

feature: refer to the timing of bone metastasis occurrence. Bone metastasis All enrolled patients in this
detected within one month of lung cancer diagnosis is defined as simulta- study were treated and defini-

neous bone metastasis, whereas that detected beyond one month is classi-

fied as metachronous bone metastasis.

approach could significantly enhance early
diagnostic accuracy and guide personalized
management in BM patients.

Materials and methods
Research design

The research workflow of this study is summa-
rized in Figure 1, which comprises three main
phases: data screening and collection, correla-
tion analysis between driver gene types and the
spatial-temporal features of bone metastasis,
and establishment and validation of a clinical
prediction model. First, clinical information,
imaging features of BM, and genetic sequenc-
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tively diagnosed with lung can-
cer and bone metastasis at
the Department of Immuno-
Oncology, the Fourth Hospital of Hebei Medical
University, between January 2019 and Dece-
mber 2023. All the patients were subject to the
same inclusion and exclusion criteria. The spe-
cific inclusion criteria for this study were as fol-
lows: (a) All patients were initially diagnosed
with lung cancer in our hospital based on clear
pathological results; (b) All enrolled patients
were confirmed to have bone metastasis th-
rough imaging examinations or bone biopsy; (c)
Age between 20 and 80 years; (d) All enrolled
patients had clear gene sequencing results
(including negative results of gene testing); (e)
Complete and reliable clinical data with thor-
ough follow-up information. The specific exclu-
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sion criteria were as follows: (a) Multiple prima-
ry lung cancers or a history of other malignan-
cies; (b) History of major bone trauma or prima-
ry bone diseases such as osteoporosis or
osteoarthritis that could lead to misinterpreta-
tion of imaging findings; (c) History of endocrine
disorders affecting bone metabolism, such as
diabetes, thyroid disease, or parathyroid dis-
ease; and (d) Incomplete clinical data or loss to
follow-up.

This study retrospectively enrolled 570 patients
diagnosed with lung cancer and bone metasta-
sis who received treatment at the Fourth
Hospital of Hebei Medical University between
January 2019 and December 2023. Based on
the predefined inclusion and exclusion criteria,
217 patients were excluded, resulting in a final
cohort of 353 patients with complete genetic
profiling data. This study has been reviewed
and approved by the Ethics Committee of the
Fourth Hospital of Hebei Medical University
(Approval No: 2025KS160). All procedures
complied with the 1964 Declaration of Helsinki
and the ethical principles of its subsequent
amendments. Moreover, all the patients en-
rolled in this study underwent bone scans for
screening, and PET/CT, CT, or MRI examina-
tions, and even bone biopsies were performed
on the suspected bone metastasis sites to
make a clear diagnosis for different BM. Sub-
sequently, 353 patients were randomly group-
ed in a 7:3 ratio into the training set (N = 247)
and the validation set (N = 106) for the con-
struction and validation of the subsequent pre-
diction model.

Data collection

In this study, clinical information such as the
general conditions of patients, laboratory ex-
amination items, pathological features, as well
as the results of gene sequencing and the loca-
tion, quantity, and occurrence time of bone
metastases were collected by consulting the
electronic medical record system, laboratory
management system, and imaging examination
system of our hospital. General conditions in-
cluded age, gender, smoking history, and Ea-
stern Cooperative Oncology Group (ECOG)
“Score”. Laboratory parameters consisted of
alkaline phosphatase (ALP), lactate dehydro-
genase (LDH), calcium ions (Ca?*), and tumor
markers such as carcinoembryonic antigen
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(CEA), neuron-specific enolase (NSE), cytokera-
tin 19 fragment antigen 21-1 (CYFRA21-1), sg-
uamous cell carcinoma antigen (SCC), pro-gas-
trin-releasing peptide (ProGRP), systemic infla-
mmatory index (Sll), prognostic nutritional index
(PNI), and D-dimer levels. Pathological features
included histological type, TNM stage, pres-
ence of peripheral or distant lymph node me-
tastasis, and overall distant metastasis status
of patients. The optimal cutoff values for Sli
and PNI were determined using receiver ope-
rating characteristic (ROC) curve analysis. The
optimal cutoff values for the other indicators,
except for the two mentioned above, were
derived from the routine laboratory reference
ranges of our hospital. Comprehensively con-
sider the imaging examination results of the
patient, such as bone scan, CT, MRI, PET-CT,
and the pathological results of bone biopsy
to clarify the specific location of bone metasta-
sis at the first diagnosis of bone metastasis,
the number of bone metastases, the type of
bone metastasis, whether pathological frac-
tures occurred, and the occurrence time of
bone metastasis (simultaneous bone metasta-
sis or metachromatic bone metastasis), etc.
The composition ratio of different driver gene
types is summarized in Table 1. EGFR muta-
tions were the most prevalent, identified in 204
patients (57.79%). Among these, EGFR exon 19
and exon 21 mutations accounted for the ma-
jority, with 82 and 81 cases, respectively (inclu-
ding co-mutations of EGFR and TP53). Other
driver mutations included KRAS (32 cases,
9.07%), HER2 (16 cases, 4.53%), and ALK (14
cases, 3.97%). TP53 mutations were detected
in 35 patients (9.92%), though these frequently
occurred as concomitant alterations. Isolated
TP53 mutations were categorized into the No
Driver Genes group. Other rare driver muta-
tions, such as PIK3CA alone or co-occurring
rare mutations with TP53, were classified into
the Other Driver Genes group, totaling 29 cas-
es (8.22%). For patients with incomplete clini-
cal information, missing data were supplement-
ed by consulting historical electronic medical
records. For untested laboratory values, we
applied multiple imputation (Ml) to handle the
missing values. Complete datasets were gener-
ated using the Multiple Imputation by Chained
Equations (MICE) algorithm, and the final
results were pooled using Rubin’'s rules to
ensure the robustness and validity of our statis-
tical inferences.
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Table 1. The composition ratio of different driver gene types

month after the initial diagno-

Driver Gene type N (%)

Genetic Mutations Type

No Driver Genes 58 (16.43) No gene mutation

Simple TP53 mutation

EGFR 204 (57.79) Simple EGFR 19
Simple EGFR 21
EGFR co-mutation
Simple EGFR 20
Simple EGFR 18
Simple EGFR 17
EGFR+TP53+
EGFR+PIK3CA
ALK+ 14 (3.97) Simple ALK+
ALK+RET
KRAS+ 32(9.07) Simple KRAS
KRAS+BRAF
KRAS+PIK3CA
KRAS+TP53
HER2 16 (4.53) Simple HER2
HER2+NRAS

Other Driver Genes 29 (8.22) TP53 + Other Genes

ROS1

BRAF

MET

RET

Simple PIK3CA
NRAS

NF1

N (%) sis was classified as meta-
50 (14.2) chronous.

8(2.27) Genetic testing technology:
76 (21.53) This study utilized next-gene-
67 (18.98) ration sequencing (NGS) for
20 (5.67) genetic profiling, with specimen
11 (3.12) sources prioritized as follows:
4(1.13) formalin-fixed paraffin-embed-
1(0.28) ded_(FFPE) ’Fumor tissges - in-
20 (5.67) cluding sur.glca?l re§ect|ons, pr—
onchoscopic biopsies, CT-guid-

5 (1.42) )
ed percutaneous lung biop-
13(3.68) sies, and endobronchial ult-
1(0.28) rasound-guided transbronchial
28 (7.93) needle aspirations - served as
2(0.57) the primary source. The NGS
1(0.28) panel used in this study was
1(0.28) designed to detect common
15 (4.25) gene mutation types in lung
1(0.28) cancer patients. It fully covers
6 (1.70) all thg dnyer gene targe’Fs ana-
5 (1.42) lyzed in this study, ensuring the
6(1.70) accuracy and completeness of
mutation detection. Cytological
4(1.13) specimens derived from pleu-
4(1.13) ral or pericardial effusion, bron-
2(0.57) chial brushing/lavage fluid, or
1(0.28) sputum were also accepted.

1(0.28) For a minority of patients from

Note: The counting data are statistically described in the form of frequency (per-

whom neither tissue nor cyto-

centage). Simple + Certain gene mutation type: The patient has only one type of logical specimens could be

gene mutation. EGFR co-mutation: Co-mutation type of the EGFR gene; Gene mu-
tation type a and gene mutation type b: a represents the main driver gene, and b

represents the concomitant gene mutation type.

Diagnostic criteria for bone metastasis: @O
Patients with a confirmed pathological diagno-
sis of lung cancer and accompanied by typical
imaging features suggestive of BM. @ Patho-
logically diagnosed lung cancer patients pre-
senting with a solitary bone lesion, in whom
biopsy of the bone lesion confirmed histopatho-
logical features consistent with metastatic lung
cancer. The confirmation criteria for BM of lung
cancer are based on either of the above two
criteria.

Diagnostic criteria for S-BM: @ In this study,
bone metastasis detected within one month
(including one month) of lung cancer diagnosis
was defined as simultaneous bone metastasis.
(2 Bone metastasis identified more than one
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obtained, “liquid biopsy” was
performed by detecting circu-
lating tumor DNA (ctDNA) in
peripheral blood. Due to its rel-
atively higher technical requirements and cost,
this approach was not the first-line method for
initial genetic testing in the overall cohort.
However, for patients with previously confirmed
driver mutations, liquid biopsy was the pre-
ferred technique for monitoring the emergence
of therapy-resistant mutations, thereby sup-
porting the selection of subsequent targeted
therapies.

Model derivation and validation

Statistical analysis: All statistical analyses and
scientific graphing in this study were performed
using SPSS 25.0, R 4.2.3, and GraphPad Prism
10.0. Continuous clinical variables were con-
verted into categorical variables based on opti-
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mal cutoff values determined by receiver oper-
ating characteristic (ROC) curve analysis. Cate-
gorical data were summarized as frequencies
and percentages. Group comparisons were
conducted using the chi-square test or Fisher’s
exact test. A logistic regression model was de-
veloped through univariate and multivariate
analysis. Model performance was assessed
using the AUC, DCA, and calibration curves, and
was further validated in an independent valida-
tion set. A P-value < 0.05 was considered sta-
tistically significant.

Model construction and validation: To assess
the association between driver gene types and
the spatiotemporal patterns of bone metasta-
sis, the six driver gene categories were consid-
ered as independent variables. Site-specific
bone metastasis, simultaneousversus metach-
ronous presentation, and the pattern of metas-
tases at initial diagnosis were respectively
treated as outcome variables. Group compari-
sons were performed using the chi-square test
or Fisher's exact test. This analysis aimed to
inform the subsequent development of a pre-
dictive model.

Prediction models were developed using bina-
ry logistic regression, with outcome indicators
showing statistically significant differences in
prior analyses serving as the dependent vari-
ables. Following hyperparameter optimization
via five-fold cross-validation, the final model
was retrained on the complete training set to
determine feature weights and establish the
fixed model structure. The resulting model was
visualized as a nomogram using R software.
The higher the AUC value, the stronger the dis-
crimination of the model and the better its pre-
dictive performance. The calibration curve ass-
esses the consistency between the predicted
risk of the model and the actual observed va-
lue. The clinical practicability of the DCA curve
inverse mapping model. The above indicators
are used to evaluate the model in the validation
queue.

Result

Analysis of the differences in Spatial-temporal
Feature of BM between different driver gene
types

In this study, bone metastasis sites were cate-
gorized according to anatomical structure. The
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spine was the most frequently involved site
(249 cases, 70.54%), followed by the thora-
cic region (215 cases, 60.91%) and the pelvis
(179 cases, 50.71%). In contrast, limb bones
(113 cases, 32.01%) and the skull (51 cases,
14.45%) demonstrated relatively lower metas-
tasis rates. Multiple BM were highly prevalent,
occurring in 272 cases (77.05%), whereas soli-
tary metastasis was observed in only 81 cases
(22.95%). Regarding radiographic type, osteo-
lytic (257 cases, 72.80%) was the most com-
mon pattern, followed by osteogenic (80 cases,
22.66%) and mixed BM (16 cases, 4.53%). Pa-
thological fractures were identified in 44 pa-
tients (12.5%), significantly compromising their
quality of life. The results of the correlation
analysis between driver gene types and spatio-
temporal characteristics of bone metastasis
are presented in Supplementary Table 1. The
incidence of pelvic metastasis varied signifi-
cantly among patients with different driver
gene profiles (P < 0.001). These differences
remained significant after Bonferroni correc-
tion, particularly between the EGFR, HER2, and
No Driver Genes groups (P < 0.001; Figure 2A,
2G). Further analysis of metastatic patterns
across EGFR subtypes (Supplementary Table 2)
revealed a significant difference in the inci-
dence of spinal metastasis within the overall
EGFR-mutant population (P = 0.042), though
post-hoc pairwise comparisons did not identify
significantintergroup differences (Figure 2D). Si-
multaneous bone metastasis was considerably
more frequent than metachronous metastasis
across all driver gene types and EGFR sub-
types. This difference reached statistical sig-
nificance among different driver gene catego-
ries (P = 0.006), but not within EGFR subtypes
(Figure 2B, 2E).

Further analysis of bone metastasis patterns
at the initial diagnosis of lung cancer revealed
statistically significant differences in the inci-
dence of simultaneous pelvic metastasis (P <
0.001) and simultaneous spinal metastasis (P
= 0.033) among patients stratified by driver
gene types and EGFR classifications. Consis-
tent with the aforementioned findings, driver
gene-positive patients demonstrated signifi-
cantly higher rates of simultaneous pelvic
metastasis compared to driver gene-negative
patients (P < 0.001). Post-hoc analysis con-
firmed particularly prominent differences be-
tween the EGFR and HER2 mutation groups
relative to the No Driver Genes group (Figure
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Figure 2. Analysis of the association between driver gene types and the spatial-temporal feature of bone metas-
tasis. (A-C) Present the comparative analyses of different driver gene types with spatial, temporal, and integrated
spatiotemporal patterns of lung cancer bone metastasis, respectively. In the spatial (A) and spatiotemporal (C)
analyses, pelvic metastasis demonstrated a statistically significant association with driver gene status (P < 0.001),
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while no significant differences were observed at other metastatic sites. (D-F) Show the corresponding analyses
of spatial, temporal, and spatiotemporal characteristics according to EGFR mutation subtypes within the EGFR-
mutant population. In the spatial (D) and spatiotemporal (F) assessments, spinal metastasis exhibited statistically
significant variation across EGFR subtypes (P < 0.05), with no significant differences detected at other metastatic
locations. (G) Illustrates the distribution of bone metastasis sites stratified of the entire study cohort by different
driver gene types. Abbreviations: BM: bone metastasis. Pelvic/N-Pelvic: represent patients with pelvic metastasis
and those without pelvic metastasis. Spinal/N-Spinal: represent patients with Spinal metastasis and those without
Spinal metastasis. N-simultaneous: without simultaneous bone metastasis/metachronous bone metastasis.

2C, 2F). However, no statistically significant
variations were observed among different
EGFR subtypes regarding simultaneouspelvic
or spinal metastases. Additionally, comparative
analysis between EGFR/TP53 co-mutation and
EGFR/TP53 wild-type subgroups showed no
significant differences in metastatic sites or
timing of bone metastasis onset. Further inves-
tigation revealed no statistically significant
associations between driver gene types and
the number of BM, radiographic type of bone
lesions, or incidence of pathological fractures
(P> 0.05).

Patient characteristics

As demonstrated in the preceding analyses,
there are significant differences in “simultane-
ous pelvic metastasis” among different types
of driver genes. Driver gene-positive patients
exhibited a higher propensity for pelvic metas-
tasis compared to their driver gene-negative
counterparts, with the HER2 and EGFR muta-
tion groups showing the highest incidence ra-
tes. Although statistical significance was obse-
rved in simultaneous spinal metastasis across
EGFR subtypes overall, post-hoc pairwise com-
parisons revealed no significant intergroup dif-
ferences. These findings support the selection
of simultaneous pelvic metastasis as the pri-
mary outcome indicator for subsequent predic-
tive modeling. The 353 eligible patients were
randomly allocated into a training set (N = 247)
and a validation set (N = 106) at a 7:3 ratio.
The two groups demonstrated comparable
baseline characteristics, including age, gender,
pathological type, TNM stage, driver gene pro-
files, and distribution of bone metastasis sites,
with no statistically significant differences (P >
0.05; see Supplementary Table 3). Within the
training set, 111 patients presented with simul-
taneous pelvic metastasis at initial lung cancer
diagnosis, while 136 patients showed no radio-
logical evidence of pelvic involvement at diag-
nosis. Among the latter group, some develop-
ed metachronous pelvic metastasis during fol-
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low-up, while others remained free of pelvic
metastasis until death or the end of the study
period.

Variable selection

Univariate logistic regression analysis of fac-
tors influencing S-pelvic metastasis in lung
cancer patients: The clinical data of the pa-
tients were included in the logistic regression
model for univariate analysis. The results indi-
cated that the following factors demonstrated
no statistically significant associations: age,
gender, smoking history, ECOG score, Ca?,
SCC, CYFRA21-1, SllI, PNI, T stage, N stage,
number of lung cancer lesions, regional lymph
node metastasis, distant lymph node metasta-
sis, and distant metastasis. In contrast, thir-
teen variables showed statistically significant
differences: ALP (P < 0.001), LDH (P = 0.007),
ProGRP (P < 0.001), CEA (P = 0.034), NSE (P =
0.039), D-dimer (P = 0.036), pathological type
(P = 0.014), driver gene type (P < 0.001),
number of BM (P < 0.001), S-Cranial BM (P <
0.001), S-Spinal BM (P < 0.0001), S-Extremity
BM (P < 0.0001), and S-Thoracic BM (P <
0.0001). Detailed results are presented in
Table 2. Multicollinearity analysis of these 13
significant variables revealed that all variance
inflation factor (VIF) values were below 2, indi-
cating no substantial multicollinearity among
the predictors.

Multivariate logistic regression analysis of fac-
tors influencing S-pelvic metastasis in patients
with lung cancer: Variables showing statisti-
cal significance in the univariate analysis were
subsequently included in a multivariable logis-
tic regression model (Table 3). The results iden-
tified the following independent risk factors
for simultaneouspelvic metastasis in lung can-
cer patients: ProGRP > 69.2 pg/mL (P = 0.011),
driver gene type (P = 0.006), multiple BM
(P = 0.001), S-Spinal BM (P = 0.002), and
S-Extremity BM (P = 0.001), as visualized in
Figure 3. The remaining eight variables did not
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Table 2. Comparison of clinical data between simultaneous pelvic BM group and Metachronous pelvic
BM group

Simultaneous Pelvic Metastasis

Factors X2 P
Yes N = 111 (%) No N = 136 (%)

Age 1.947 0.163
<60 48 (43.2) 47 (34.6)
>60 63 (56.8) 89 (65.4)

Gender 3.187 0.074
Male 51 (45.9) 78 (57.4)
Female 60 (54.1) 58 (42.6)

Smoking history 1.806 0.405
Never 76 (68.5) 82 (60.3)
Past 22 (19.8) 35 (25.7)
Current 13 (11.7) 19 (14.0)

ECOG 1.670 0.196
0-2 57 (51.4) 81 (59.6)
>2 54 (48.6) 55 (40.4)

ALP (U/L) 16.367 P <0.001
<150 71 (64.0) 117 (86.0)
> 150 40 (36.0) 19 (14.0)

LDH (U/L) 7.345 0.007
<250 58 (52.3) 94 (69.1)
> 250 53 (47.7) 42 (30.9)

Ca?* (mmol/L) 0.103 0.749
<2.52 107 (96.4) 130 (95.6)
>2.52 4 (3.6) 6 (4.4)

ProGRP (pg/ml) 12.140 P <0.001
<69.2 76 (68.5) 118 (86.8)
> 69.2 35 (31.5) 18 (13.2)

SCC (ng/L) 1.870 0.171
<27 99 (89.2) 113 (83.1)
>2.7 12 (10.8) 23 (16.9)

CEA (ng/L) 4.513 0.034
<5 17 (15.3) 36 (26.5)
>5 94 (84.7) 100 (73.5)

CYFRA21-1 (ng/L) 3.225 0.073
<33 14 (12.6) 29 (21.3)
>3.3 97 (87.4) 107 (78.7)

NSE (ng/L) 4.280 0.039
<16.5 37 (33.3) 63 (46.3)
> 16.5 74 (66.7) 73 (53.7)

Sl 0.368 0.544
<609.9 28 (25.2) 39 (28.7)
> 609.9 83 (74.8) 97 (71.3)

PNI 1.522 0.217
<45.75 38(34.2) 57 (41.9)
>45.75 73 (65.8) 79 (58.1)

D-dimer (mg/L) 4.383 0.036
<0.243 33(29.7) 58 (42.6)
>0.243 78 (70.3) 78 (57.4)
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Pathological type 8.601 0.014
Squamous Cell Carcinoma 1(0.9) 13 (9.5)
Adenocarcinoma 105 (94.6) 118 (86.8)
Other type 5 (4.5) 5(3.7)

T stage 3.096 0.078
T1-T2 36 (32.4) 59 (43.4)
13-4 75 (67.6) 77 (56.6)

N stage 3.431 0.064
NO-N1 22 (19.8) 41 (30.1)
N2-N3 89 (80.2) 95 (69.9)

Number of lung cancer lesions 0.080 0.778
Single 84 (75.7) 105 (77.2)
Multiple 27 (24.3) 31(22.8)

Regional lymph node metastasis 0.072 0.789
No 16 (14.4) 18 (13.2)
Yes 95 (85.6) 118 (86.8)

Distant lymph node metastasis 0.601 0.438
No 50 (45.0) 68 (50.0)
Yes 61 (55.0) 68 (50.0)

Distant metastasis 1.257 0.262
No 16 (85.6) 27 (19.9)
Yes 95 (14.4) 109 (80.1)

Driver Gene type 24.726 P <0.001
Driverless Mutation 8(7.2) 36 (26.5)
ALK+ 3(2.7) 7 (5.1)
Other Driver Genes 8(7.2) 13 (9.6)
KRAS+ 10 (9.0) 11 (8.1)
EGFR+ 71 (64.0) 67 (49.3)
HER2+ 11 (9.9) 2 (1.5)

Number of BM 40.340 P <0.001
Single 6 (5.4) 55 (40.4)
Multiple 105 (94.6) 81 (59.6)

S-Cranial BM 15.114 P <0.001
No 87 (78.4) 129 (94.9)
Yes 24 (21.6) 7 (5.1)

S-Spinal BM 53.551 P < 0.0001
No 21 (18.9) 89 (65.4)
Yes 90 (81.1) 47 (34.6)

S-Extremity BM 47.754 P < 0.0001
No 58 (52.3) 124 (91.2)
Yes 53 (47.7) 12 (8.8)

S-Thoracic BM 23.199 P < 0.0001
No 36 (32.4) 86 (63.2)
Yes 75 (67.6) 50 (36.8)

Note: ECOG: Eastern Cancer Collaboration Physical Condition Scale; SllI: Systemic Inflammation Index; PNI: Prognostic Nutritional
Index; S-pelvic BM: Simultaneous pelvic metastasis; S-Cranial BM: Simultaneous cranial metastasis; S-Spinal BM: Simultaneous
spinal metastasis; S-Extremity BM: Simultaneous limb bone metastasis; S-Thoracic BM: Simultaneous bone metastasis in the
thoracic group.
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Table 3. Multifactor logistic regression analysis of factors influencing simultaneous pelvic metastasis

in lung cancer

95% ClI
Factors B SE Ward (x?) P OR — —
Lower limit Upper limit
ALP 0.333 0.455 0.535 0.465 1.395 0.572 3.405
LDH 0.392 0.402 0.949 0.330 1.48 0.673 3.253
ProGRP 1.305 0.510 6.537 0.011* 3.688 1.356 10.03
CEA 0.842 0.522 2.595 0.107 2.320 0.833 6.460
NSE 0.292 0.381 0.588 0.443 1.339 0.635 2.827
D-dimer 0.324  0.400 0.654 0.419 1.383 0.631 3.031
Pathological type 0.213 0.899
Adenocarcinoma 0.014 1.226 <0.001 0.991 1.014 0.092 11.212
Other type 0.582 1.695 0.118 0.731 1.789 0.065 49.566
Driver Gene type 16.450 0.006*
ALK 1.519 1.094 1.928 0.165 4.566 0.535 38.958
Other Driver Genes 1.302 0.819 2.530 0.112 3.677 0.739 18.292
KRAS 1.819 0.832 4.786 0.029 6.168 1.209 31.476
EGFR 1.705 0.617 7.625 0.006 5.502 1.640 18.454
HER2 4.867 1.252 15.117 <0.001 129.914 11.173 1510.622
Number of BM 1.860 0.568 10.700 0.001* 6.421 2.107 19.566
S-Cranial BM 0.600 0.644 0.868 0.352 1.822 0.516 6.436
S-Spinal BM 1.221  0.396 9.504 0.002* 3.391 1.560 7.369
S-Extremity BM 1.744  0.503 12.045 0.001* 5.720 2.136 15.317
S-Thoracic BM 0.141  0.410 0.119 0.730 1.152 0.516 2.570

Note: *There is a statistically significant difference. Number of BM: Number of BM; S-Cranial BM: Simultaneous cranial metas-
tasis; S-Spinal BM: Simultaneous spinal metastasis; S-Extremity BM: Simultaneous Extremity metastasis; S-Thoracic BM: Simul-
taneous bone metastasis in the thoracic group; Lower limit: Lower limit of the 95% confidence interval; upper limit: The upper

limit of the 95% confidence interval.

retain statistical significance in the multivari-
able analysis (P > 0.05).

Development and evaluation of the S-Pelvic
metastasis diagnostic model

Atotal of 5 independent risk factors for simulta-
neous pelvic metastasis were screened out
through Logistics regression analyses. In our
Training Group (N = 247), there were a total of
111 positive events. According to the “Events
Per Variable (EPV)” principle, EPV > 22. This
indicates that our sample size is sufficient to
support the 5 independent predictors included
in the final multivariate model. We incorporat-
ed these five variables into R software to con-
struct a visual nomogram prediction model
(Figure 4). Different ProGRP values, Driver
Gene types, Number of BM, S-Spinal BM, and
S-Extremity BM correspond to different scores
respectively. The total score obtained by adding
each score can be used to obtain the corre-
sponding prediction probability. For example,
ProGRP values < 69.2, Spinal Metastasis “No”,
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Limbs Extremities “No”, Number of Bone
Metastasis “Multiple”, Driver gene type “Driver
gene type”. The total score for this patient
is 75, corresponding to a risk probability of
0.193 (Supplementary Table 4). The model
demonstrated excellent discriminative ability
for predicting simultaneous pelvic metastasis,
with AUC of 0.881 in the training set (Figure
5A). This robust performance was maintained
in the validation set, where the AUC reached
0.816 (Figure 5B), indicating consistently
strong predictive accuracy and high diagnostic
value. Calibration curves revealed close agree-
ment between model predictions and observed
outcomes in both training and validation
cohorts (Figure 5C and 5D). The DCA curve is
an effective method for evaluating the clinical
benefit degree of disease diagnosis models.
The DCA curves shown in Figure 5E and 5F fur-
ther confirm that this model has a very high
clinical net benefit. Additionally, to evaluate the
discriminative performance of the predictive
model across different mutation groups, we
conducted subgroup analyses for various driver
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Figure 4. Nomogram model predicting simultaneous pelvic metastasis in

lung cancer patients.

genes, and generated ROC curves and evalua-
tion tables. The ALK mutation group exhibited
the optimal AUC value and highest accuracy
(Table 4). Furthermore, this model demonstrat-
ed excellent discriminative power and ac-
curacy across other driver gene subgroups

(Supplementary Figure 1)
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Discussion

Lung cancer incidence and
mortality rates have been ris-
ing annually, surpassing br-
east cancer to become the
malignancy with the highest
global risk. Concurrently, lung
cancer imposes the heaviest
economic burden and poses
the greatest threat of mortali-
ty worldwide [1-3]. The inci-
dence of bone metastasis in
lung cancer patients ranges
from 30% to 40% [30]. App-
roximately 30% to 70% of
patients with BM develop skel-
etal-related events (SREs) of
varying severity [15]. A small
number of patients may even
experience it multiple times,
seriously affecting their quali-
ty of life. Current imaging mo-
dalities remain significantly
limited. Feature extraction is
generally confined to epiphe-
nomenal morphological char-
acteristics, lacking deeper ex-
ploration of intrinsic genetic
patterns. Moreover, the pa-
tient’s subjective will still ho-
Ids the dominant position, and
imaging examinations are of-
ten considered only when ob-
vious symptoms appear. At
this point, the patient has al-
ready missed the golden treat-
ment period, and the risk of
developing SREs has greatly
increased [31]. There is no
unified standard for the selec-
tion sequence of systemic and
local treatment for bone me-
tastasis of lung cancer, and
the treatment methods lack
specificity, resulting in some
patients missing the best tr-
eatment opportunity. With the

increasing maturation of the multidisciplinary
team (MDT) model, both domestic and interna-
tional guidelines emphasize the importance
of collaborative expert discussion, continuous
assessment based on disease progression,
and the development of personalized treat-

ment strategies. Consequently, there is an
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Figure 5. Performance evaluation of the nomogram prediction model in the training group and validation group. (A)
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Clinical Decision Curve Analysis.
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Table 4. Evaluation table for subgroup analyses of different driver genes

Group AUC Accuracy PPV NPV Precision Recall F1

Driverless Mutation 0.885 0.886 0.667 0.943 0.667 0.750 0.706
ALK+ 0.976 0.900 0.750 1.000 0.750 1.000 0.857
Other Driver Genes 0.803 0.810 1.000 0.765 1.000 0.500 0.667
KRAS+ 0.873 0.857 0.889 0.833 0.889 0.800 0.842
EGFR+ 0.854 0.768 0.953 0.684 0.953 0.577 0.719
HER2+ 0.773 0.538 1.000 0.250 1.000 0.455 0.625

Note: ROC: Receiver Operating Characteristic curve; AUC: Area under the Receiver Operating Characteristic curve; PPV: Positive

Predictive Value; NPV: Negative Predictive Value.

urgent need to establish a simple, non-invasive,
and efficient diagnostic tool that can identify
optimal treatment approaches for patients
with varying risks of bone metastasis, aiming
to prevent or delay the onset and progression
of SREs. This study links the types of gene
mutations with the spatiotemporal specificity
of bone metastasis, preliminarily explores the
anatomical distribution pattern of bone metas-
tasis in lung cancer, and reveals the intrinsic
genetic laws of patients. We attempt to early
predict the risk of site-specific bone metastasis
by integrating gene mutation profiles with rou-
tine clinical data, thereby enabling “tailor-
made” personalized treatment strategies ba-
sed on individual metastasis patterns to im-
prove quality of life and prolong survival.

The findings of this study demonstrate that the
spine is the most frequent site of bone metas-
tasis in lung cancer, followed by the ribs, pelvis,
sternum, and femur, while the humerus, distal
limbs, and clavicle are least commonly involved.
This pattern suggests that lung cancer cells
preferentially metastasize to well-vascularized
axial skeletal sites and bones adjacent to the
primary tumor, consistent with current litera-
ture [32, 33]. In our study, the driver gene muta-
tion rate of NSCLC patients with bone metasta-
sis reached 87.81% (320 cases), significantly
higher than that reported in NSCLC patients
without confirmed bone metastasis [34]. EGFR
mutations remained the most prevalent altera-
tion (61.56%) in this subgroup [35]. Our defini-
tion of simultaneous bone metastasis is based
on standard clinical research practices, empha-
sizing bone metastatic events detected within
a specific time window. Our study observed a
significantly higher prevalence of multiple bone
metastases compared to solitary metastases,
this is consistent with the findings of most cur-
rent studies [7, 36]. This disparity is significant-
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ly associated with regional limitations, differ-
ences in study populations, and variations in
detection modalities. Specifically, our study uti-
lized high-resolution imaging techniques such
as PET-CT and MRI, which may be more sensi-
tive in detecting small or occult bone lesions,
thereby leading to a higher detection rate of
multiple bone metastases. Furthermore, the
pelvis comprises diverse bones and complex
anatomical structures with abundant vascular
and lymphatic networks. This makes it a high-
risk area for hematogenous metastasis of lung
cancer cells, where cancer cells are prone to
forming multifocal metastases [37, 38]. This
discrepancy also highlights a limitation of our
study as a single-center retrospective analysis.
Further analysis revealed significant differenc-
es in pelvic metastasis risk across the six driver
gene types. Specifically, patients with EGFR
and HER2 mutations exhibited the highest inci-
dence of pelvic metastasis, showing statisti-
cally significant differences compared to those
in the no-driver-gene group (P < 0.05). This sug-
gests that EGFR and HER2 mutations may influ-
ence tumor cell behavior within the bone micro-
environment and enhance metastatic poten-
tial to pelvic sites. We developed an innovative
nomogram prediction model based on driver
gene types for early precise diagnosis and risk
stratification of lung cancer patients with BM.
The model demonstrated strong predictive per-
formance, with AUC values of 0.881 and 0.816
in the training set and validation set respective-
ly. Evaluation using calibration curves and DCA
confirmed excellent model stability and clinical
utility. These results indicate that driver gene
status may serve as a precise predictor for
bone metastasis patterns, providing guidance
for targeted drug development in this patient
population Therefore, this model can provide
early diagnosis and treatment value for patients
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initially diagnosed with lung cancer accompa-
nied by bone metastasis, but it is not yet clear
whether pelvic metastasis has occurred, avoid-
ing the need for hip MRI, PET/CT and other
examinations at the initial diagnosis. Moreover,
it addresses challenges in treatment respon-
se assessment caused by uncertain pelvic
metastasis status, thereby informing subse-
quent treatment selection. Given that sacral
involvement carries risk of spinal cord com-
pression, and pelvic metastases-particularly in
weight-bearing regions like the acetabulum-
significantly impair mobility and quality of life,
early detection and preventive intervention are
crucial for optimizing clinical management of
lung cancer patients with bone metastasis.

Consistent with existing literature [14], the
majority of bone metastatic lesions in this
study presented as multiple involvement, with
solitary metastasis observed only in a small
subset of patients at initial assessment. In this
study, we observed that patients in the syn-
chronous pelvic metastasis subgroup had a
higher risk of developing spinal metastases
compared to the overall study cohort. This sug-
gests a stronger co-occurrence between pelvic
and spinal metastases. Both the spine and the
pelvis possess complex skeletal architectures
and are richly supplied with red marrow, as well
as extensive vascular and neural networks.
These characteristics facilitate tumor cell ad-
hesion and colonization. This is also closely
associated with the anatomical proximity
between the two sites. Both EGFR and HER2
belong to the epidermal growth factor receptor
family and are frequently high expressed in
lung cancer tissues, where they collaboratively
facilitate cell invasion and metastatic. Relevant
studies have shown that tumor cells with gene
mutations exhibit stronger invasive characteris-
tics and distant metastasis ability than those
without gene mutations, especially in terms of
brain metastasis and bone metastasis [39,
40]. This may be related to its proliferative
characteristics. Tumor cells with EGFR and
HER2 mutations have a selective proliferative
advantage over non-mutated cells in their
growth state. Even under conditions of nu-
trient deficiency, they can still maintain their
proliferative potential, helping tumor cells to
metastasize to bones, skulls and other parts
through the bloodstream [41]. Meanwhile, exo-
somes derived from non-small cell lung cancer
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(NSCLC) have been shown to activate EGFR sig-
naling through secretion of amphiregulin (AREG)
[27]. EGFR pathway activation further intera-
cts with bone microenvironment cytokines to
upregulate RANKL (receptor activator of nucle-
ar factor kappa-B ligand) expression, indirectly
promoting osteoclastogenesis [42, 43] and
thereby facilitating bone invasion and coloniza-
tion by lung cancer cells. Although multiple
studies confirm significantly higher bone meta-
stasis incidence in EGFR-mutated versus wild-
type lung cancer patient [25, 27, 44], direct
evidence linking EGFR expression specifically
to pelvic metastasis remains elusive [42]. This
association warrants further investigation to
elucidate the underlying molecular mecha-
nisms and clinical implications. Research on
HER2 mutations is currently mainly focused on
breast cancer and prostate cancer, with less
involvement in lung cancer-related studies.
HER2 expression status constitutes an inde-
pendent risk factor for bone metastasis in
breast cancer [45]. And activation of HER2 sig-
naling enhances circulating tumor cell survival
and supports bone tropism in prostate cancer
[46]. Alterations in HER2 not only contribute
to the abnormal proliferation and survival of
tumor cells but also promote angiogenesis,
mesenchymal characteristics, and tumor im-
mune evasion [47]. This mechanism endows
HER2-mutated tumor cells with a stronger pro-
pensity for pelvic invasion. With the involve-
ment of various cytokines, these cells can suc-
cessfully colonize the pelvis through interac-
tions with the bone microenvironment. Further
research and exploration are warranted in the
future.

This study revealed the correlation between
driver gene mutations and the spatiotemporal
specificity of bone metastasis within patients
with lung cancer bone metastasis for the first
time, enhancing everyone’s understanding and
recognition of the anatomical patterns of lung
cancer bone metastasis. Furthermore, we de-
veloped a concise and efficient predictive mo-
del for simultaneouspelvic metastasis, which
may facilitate improved clinical management of
pelvic metastatic disease. However, this study
also has some limitations. Although rare muta-
tions such as HER2 and ALK mutations exhibit
substantial effect sizes with OR significantly
greater than 1, the wide confidence intervals
cannot obscure the inherent limitations of this

Am J Cancer Res 2026;16(8):3601-3619



Establishment a diagnosis model for bone metastasis in lung cancer

study. Among the training group samples, the
incidence of simultaneous pelvic metastasis in
the HER2 mutation group reached as high as
84.62% (11/13), which is significantly higher
than that observed in other mutation types,
suggesting that HER2 mutations carry a higher
risk ratio for pelvic metastasis in early-stage
lung cancer. Additionally, due to the low inci-
dence of HER2 mutations and the relatively
small sample size, resulting in an extremely
high odds ratio of 129.914. We will continue to
collect such samples from larger cohorts, with
the aim of obtaining more stable odds ratios
across broader datasets. Bone metastases
lesions in early-stage lung cancer are often dif-
ficult to detect, due to economic constraints,
some patients do not undergo NGS, and pa-
tients have a short survival duration, making
follow-up data collection challenging; making it
hard to obtain a sufficiently large sample size,
which consequently imposes certain limita-
tions on the model’s extrapolation capabilities.
In future studies, we will continue to collect
such samples, expand our database, and sys-
tematically collect patients’ survival data; sub-
sequently, we will conduct joint predictive anal-
yses and subsequent extrapolation of results
based on this model using larger sample sizes.
Due to the presence of intratumoral genetic
heterogeneity and variations in tissue sam-
pling, NGS detection results exhibit heteroge-
neity. Additionally, most NGS testing were
restricted to some common lung cancer-associ-
ated genes, which may affect the generalizabil-
ity of the findings. In the future, we will con-
stantly improve the model to obtain more con-
vincing research results.

Conclusion

This study explored for the first time the intrin-
sic genetic laws and anatomical distribution
models of bone metastasis from lung cancer.
By integrating driver gene types with clinico-
pathological characteristics, we developed a
predictive model for simultaneous pelvic meta-
stasis in lung cancer patients. The model dem-
onstrated high predictive accuracy for pelvic
metastasis at initial lung cancer diagnosis and
was effectively visualized using a nomogram.
This model provides a powerful tool for the
early precise diagnosis and personalized treat-
ment of patients with bone metastasis from
lung cancer. It is helpful for everyone to under-
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stand that bone metastasis is not merely a
single metastatic site. We need to more pre-
cisely distinguish the intrinsic characteristics of
different bone metastasis sites, thereby str-
engthening the clinical management of patients
with bone metastasis and preventing or delay-
ing the occurrence of SREs.
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Supplementary Table 1. Spatio-temporal feature of BM in lung cancer with different driver gene types

Driverless ALK Other Gene  KRAS EGFR HER2 ) p
N (%) N (%) N (%) N (%) N (%) N (%)

Spatial Feature
Cranial 3(5.2) 3(21.4) 3(10.3) 4(12.5) 36(176) 2(12.5) 6.821 0.186
Non-Cranial 55(94.8) 11(78.6) 26(89.7) 28(87.5) 168(82.4) 14 (87.5)
Spinal 41 (70.7) 11(78.6) 18(62.1) 21(65.6) 144 (70.6) 14 (87.5) 4.023 0.546
Non-Spinal 17 (29.3) 3(21.4) 11(37.9) 11(34.4) 60(29.4) 2(12.5)
Pelvic 16 (27.6) 7 (50.0) 11(37.9) 15(46.9) 118(57.8) 12(75.0) 22.423 < 0.001*
Non-Pelvic 42 (72.4) 7 (50.0) 18 (62.1) 17 (53.1) 86(42.2) 4(25.0)
Extremity Bones 17 (29.3) 4 (28.6) 6 (20.7) 10(31.3) 72(35.3) 4(25.0) 3.359 0.645
Non-Extremity Bones 41 (70.7) 10(71.4) 23(79.3) 22(68.8) 132 (64.7) 12(75.0)
Thoracic Bone 30(51.7) 7(50.0) 19 (65.5) 21(65.6) 131(64.2) 7(43.8) 6.228 0.285
N-Thoracic Bone 28 (48.3) 7 (50.0) 10 (34.5) 11(34.4) 73(35.8) 9(56.3)

Temporal Feature
Simultaneous BM 39(67.2) 9(64.3) 23(79.3) 29(90.6) 174 (85.3) 15(93.8) 16.192 0.006*
N-Simultaneous BM 19(32.8) 5(35.7) 6 (20.7) 3(9.4) 30(14.7) 1(6.2)

Spatio-temporal Feature
Simultaneous Cranial BM

Yes 2(3.4) 3(21.4) 3(10.3) 4(12.5) 34(16.5) 2(12.5) 7.762 0.101
No 56 (96.4) 11(78.6) 26(89.7) 28(87.5) 170(83.5) 14 (87.5)

Simultaneous Spinal BM
Yes 28 (48.3) 7 (50.0) 16 (65.2) 20(62.5) 123(59.7) 13(81.3) 6.943 0.225
No 30(51.7) 7(50.0) 13(44.8) 12(37.5) 81(40.3) 3(18.7)

Simultaneous Pelvic BM
Yes 12 (20.7) 5(35.7) 11(37.9) 15(46.9) 102(50.0) 12(75.0) 22.859 < 0.001*
No 46 (79.3) 9(64.3) 18 (62.1) 17 (53.1) 102 (50.0) 4(25.0)

Simultaneous Extremity BM
Yes 12 (20.7) 2(14.3) 4 (13.8) 9(28.1) 65(31.6) 4(25.0) 7.347 0.196
No 46 (79.3) 12(85.7) 25(86.2) 23(71.9) 139(68.4) 12(75.0)

Simultaneous Thoracic BM
Yes 25(43.1) 6(42.9) 15 (51.7) 19(59.4) 116 (56.3) 7(43.8) 5.165 0.396
No 33(56.9) 8(57.1) 14 (48.3) 13 (40.6) 88(43.7) 9(56.2)

Note: *There is a statistically significant difference.
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Supplementary Table 2. Spatio-temporal Feature of BM in lung cancer with different EGFR genotypes

EGFR 19 EGFR21 Other EGFR Co-mutation 5

N (%) N (%) N (%) N (%) P
Spatial Feature
Cranial 18 (22.0) 12 (14.8) 4 (19.0) 2 (10.0) 2.325 0.552
Non-Cranial 64 (78.0) 69 (85.2) 17 (81.0) 18 (90.0)
Spinal 66 (80.5) 49 (60.5) 14 (66.7) 15 (75.0) 8.189 0.042
Non-Spinal 16 (19.5) 32(39.5) 7(33.3) 5 (25.0)
Pelvic 52 (63.4) 42 (51.9) 13 (61.9) 11 (55.0) 2.445 0.485
Non-Pelvic 30(36.6) 39(48.1) 8(38.1) 9 (45.0)
Extremity Bone 35(42.7) 21(25.9) 10 (47.6) 6 (30.0) 6.715 0.082
Non-Extremity Bone 47 (57.3) 60 (74.1) 11 (52.4) 14 (70.0)
Thoracic Bone 55 (67.1) 51 (63.0) 14 (66.7) 11 (55.0) 1.141 0.767
N-Thoracic Bone 27 (32.9) 30 (37.0) 7 (33.3) 9 (45.0)
Temporal Feature
Simultaneous BM 71(86.6) 72(88.9) 16 (76.2) 15 (75.0) 4.021 0.236
N-Simultaneous BM 11 (13.4) 9 (11.2) 5 (23.8) 5 (25.0)
Spatio-temporal Feature
Simultaneous Cranial BM
Yes 17 (20.7) 11 (13.6) 4 (19.0) 2 (10.0) 2.257 0.557
No 65(79.3) 70(96.4) 17 (81.0) 18 (90.0)
Simultaneous Spinal BM
Yes 59 (72.0) 44 (54.3) 9 (42.9) 11 (55.0) 8.763 0.033
No 23(28.0) 37 (45.7) 12 (57.1) 9 (45.0)
Simultaneous Pelvic BM
Yes 45 (54.9) 38 (46.9) 11 (52.4) 8 (40.0) 1.874 0.599
No 37 (45.1) 43(53.1) 10 (47.6) 12 (60.0)
Simultaneous Extremity BM
Yes 31(37.8) 19 (23.5) 9 (42.9) 6 (30.0) 5.171 0.160
No 51 (62.2) 62 (76.5) 12 (57.1) 14 (70.0)
Simultaneous Thoracic BM
Yes 50 (61.0) 45 (55.6) 13 (61.9) 8 (40.0) 0.613 0.893
No 32(39.0) 36(44.4) 8(38.1) 12 (60.0)
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Supplementary Table 3. Summary descriptives table by groups

Factors Training Group N = 247 (%) Validation Group N = 106 (%) P

Age 0.423
<60 95 (38.5) 36 (34.0)
>60 152 (61.5) 70 (66.0)

Gender 0.790
Male 129 (52.2) 57 (53.8)
Female 118 (47.8) 49 (46.2)

Smoking history 0.955
Never 158 (64.0) 67 (63.2)
Past 57 (23.1) 24 (22.6)
Current 32(13.0) 15 (14.2)

ECOG 0.394
0-2 138 (55.9) 54 (50.9)
>2 109 (44.1) 52 (49.1)

ALP (U/L) 0.155
<150 188 (76.1) 73 (68.9)
> 150 59 (23.9) 33(31.1)

LDH (U/L) 0.710
<250 152 (61.5) 63 (59.4)
> 250 95 (38.5) 43 (40.6)

Ca?* (mmol/L) 0.903
<2.52 237 (96.0) 102 (96.2)
> 252 10 (4.0) 4 (3.8)

ProGRP (pg/ml) 0.960
<69.2 194 (78.5) 83 (78.3)
> 69.2 53 (21.5) 23 (21.7)

SCC (ng/L) 0.996
<27 212 (85.8) 91 (85.8)
>2.7 35 (14.2) 15 (14.2)

CEA (ng/L) 0.882
<5 53 (21.5) 22 (20.8)
>5 194 (78.5) 84 (79.2)

CYFRA21-1 (ng/L) 0.457
<33 43 (17.4) 22 (20.8)
>3.3 204 (82.6) 84 (79.2)

NSE (ng/L) 0.324
<16.5 100 (40.5) 37 (34.9)
>16.5 147 (59.5) 69 (65.1)

Sli 0.684
<609.9 67 (27.1) 31(29.2)
> 609.9 180 (72.9) 75 (70.8)

PNI 0.767
<45.75 95 (38.5) 39 (36.8)
>45.75 152 (61.5) 67 (63.2)

D-dimer (mg/L) 0.729
<0.243 91 (36.8) 37 (34.9)
>0.243 156 (63.2) 69 (65.1)



Establishment a diagnosis model for bone metastasis in lung cancer

Pathological type 0.565
Squamous Cell Carcinoma 14 (5.7) 7 (6.6)
Adenocarcinoma 223 (90.3) 97 (91.5)
Other type 10 (4.0) 2(1.9)

T stage 0.898
T1-T2 95 (38.5) 40 (37.7)
T3-T4 152 (61.5) 66 (62.3)

N stage 0.445
NO-N1 63 (25.5) 23 (21.7)
N2-N3 184 (74.5) 83 (78.3)

Number of lung cancer lesions 0.575
Single 189 (76.5) 84 (79.2)
Multiple 58 (23.5) 22 (20.8)

Regional lymph node metastasis 0.889
Yes 34 (13.8) 14 (13.2)
No 213 (86.2) 92 (86.8)

Distant lymph node metastasis 0.917
Yes 118 (47.8) 50 (47.2)
No 129 (52.2) 56 (52.8)

Distant metastasis 0.457
Yes 204 (82.6) 84 (79.2)
No 43 (17.4) 22 (20.8)

Driver gene type 0.725
Driverless Mutation 44 (17.8) 14 (13.2)
ALK+ 10 (4.0) 4 (3.8)
Other Driver Genes 21 (8.5) 8(7.5)
KRAS+ 21 (8.5) 11 (10.4)
EGFR+ 138 (55.9) 66 (62.3)
HER2+ 13 (5.3) 3(2.8)

Number of Bone Metastasis 0.233
Single 61 (24.7) 20 (18.9)
Multiple 186 (75.3) 86 (81.1)

Cranial Metastasis 0.375
No 216 (87.4) 89 (84.0)
Yes 31(12.6) 17 (16.0)

Spinal Metastasis 0.183
No 110 (44.5) 36 (34.0)
Yes 137 (55.5) 70 (66.0)

Limbs Extremities 0.631
No 182 (73.7) 75 (70.8)
Yes 65 (26.3) 31(29.2)

Thoracic Metastasis 0.562
No 122 (49.4) 43 (40.6)
Yes 125 (50.6) 63 (59.4)
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Supplementary Table 4. Ailed scoring criteria for the nomogram model of simultaneous pelvic metas-

tasis
Factors Category Points
ProGRP (pg/ml) <69.2 (0) 0
>69.2 (1) 31
Spinal Metastasis No (0) 0
Yes (1) 28
Limbs Extremities No (0) 0
Yes (1) 39
Number of Bone Metastasis Single (0) 0
Multiple (1) 42
Driver gene type Driverless Mutation (0) 0
ALK+ (1) 29
Other Driver Genes (2) 33
KRAS+ (3) 34
EGFR+ (4) 41
HER2+ (5) 100
A Driverless_Mutation ALK C Other_Driver_Genes
1.00 1.00 1.00
0.75 0.75 0.75
2 2 ]
% 050 % 050 % 050
0.25 0.25 0.25
AUC=0.885 AUC=0.976 AUC=0.803
95%CI(0.761-1.000) 95%C1(0.910-1.000) 95%C1(0.582-1.000)
0.00 0.00 0.00
0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
1-specificity 1-specificity 1-specificity
D KRAS EGFR HER2
1.00 1.00 1.00
0.75 0.75 0.75
Z Z Z
050 050 2050
0.25 0.25 0.25
AUC=0.873 AUC=0.854 AUC=0.773
95%CI(0.708-1.000) 95%CI(0.792-0.916) 95%CI(0.457-1.000)
0.00 0.00 0.00
0.00 0.25 0.50 0.75 0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00

1-specificity

1-specificity

1-specificity

Supplementary Figure 1. The ROC curves for Subgroup analyses of Different Driver Gene. ROC: Receiver Operating
Characteristic curve; AUC: Area under the Receiver Operating Characteristic curve.



