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Editorial on the Research Topic
Diagnosis and treatment of bone metastases

Bone metastasis is one of the common complications of malignant tumors. Patients
often present with bone pain and fracture, which not only seriously affect patients” quality
of life, but also imply poor prognosis (1, 2). In recent years, with the deepening of the
understanding of the mechanism of bone metastases and the relevant regulatory network
between tumor cells and bone microenvironment, the development and application of
many new drugs have made great progress in the treatment of bone metastases (3). It is
particularly important to find effective, economical, small adverse reactions and effective
treatment methods to improve the quality of life of cancer patients. However, bone
metastasis is often in the terminal stage of tumor development, the prognosis of patients is
poor, and the treatment plan is difficult to be unified (4). Bone related biomarkers can
reflect bone metabolism and bone turnover, and are associated with bone metastasis of
malignant tumors (5). The development of diagnostic radiology is helpful to early
identification of high-risk groups of pathological fractures, which is conducive to early
intervention and improving the quality of life of patients (6). The incidence of bone
metastasis is high, and an individualized comprehensive treatment plan should be
developed according to the specific condition. The main treatment means include
antitumor therapy, bone modifying drug therapy, surgery, radiation therapy, analgesia
and supportive therapy (6-10).

In this Research Topic, 16 articles has been published which focusing on recent
advances in the treatments for patients with bone metastases. Current published papers
cover the following research areas: pathogenesis, establishment of animal models, pain
management, imaging diagnosis, minimally invasive surgery and chemoradiotherapy of
bone metastases.

Bone metastasis is a multi-step, continuous and extremely complex process involving
both tumor and host factors. Yang W. et al. explained the epidemiology, clinical features,
pathogenesis and clinical treatment strategies of bone metastasis in detail. They believed
that with a better understanding of how bone metastases occur, there will be more new
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drugs and new technologies in the future, which will benefit more
patients. Choosing the right animal model is an important bridge
between basic research and applied research (11). Yu et al.
summarized the current articles on the preparations and studies
of animal models of bone metastases, including solid tumors such as
lung cancer, breast cancer, and prostate cancer. This review is
conducive to promoting the development of preclinical models and
improving the translation of drugs and technologies for the
treatment of bone metastases.

Early detection and treatment of bone metastases are of great
significance to improve the prognosis of patients. Yang et al. reviewed
the biomarkers related to bone metastasis, hoping to provide
guidance for the early diagnosis of bone metastasis. Biomarkers can
effectively reflect the occurrence, progression, tumor treatment
monitoring, recurrence detection and so on. Brouns et al. found
that the expression of nuclear factor kB ligand receptor activator
(RANKL) gene and the increased ratio of RANKL: osteoprotegerin
(OPG) were associated with the presence of bone metastases. The
study also showed that an increased proportion of the RANKL: OPG
gene was associated with a higher incidence of bone metastasis. The
study suggested that research into the mechanism of bone metastases
may facilitate the development of new drugs and may change the
entire treatment strategy.

In recent years, deep learning based on big data is developing
rapidly, and the biological behavior of tumors can be reflected by
the texture features of lesion areas that are difficult to be recognized
by the naked eye through imaging omics (12). The algorithm
extracts abstract features of tumor regions through multi-layer
network structure (13). Long et al. developed an ensemble
machine-learning model for predicting early mortality among
patients with bone metastases of hepatocellular carcinoma, Huo
et al. developed a deep learning-based algorithm in lung cancer
bone metastases detection on computed tomography, and Cui et al.
developed a web-based calculator to predict three-month mortality
among patients with bone metastases from cancer of unknown
primary. Surveillance, Epidemiology, and End Results (SEER)
database provides good data support for clinical research,
Nomogram has been widely used in cancer and other medical
research because of its intuitive and convenient characteristics (14).
Yin et al. constructed a novel web-based nomogram for lung cancer
patients with bone metastasis, they found the prediction models
may be helpful for doctors to make accurate judgment and guidance
on the treatment plan and clinical prognosis of patients.

Bone pain is the main clinical symptom of patients with bone
metastatic cancer, and also the main reason for the decline of patients’
quality of life. Therefore, lasting and effective pain relief is the focus of
clinical treatment. Jing et al. reviewed the management of pain in
patients with bone metastases, which has important guiding
significance for the majority of clinicians. Denosumab (the RANKL
neutralizing antibody) can not only relieve pain symptoms in patients
with bone metastases, but also prevent the occurrence of bone-related
adverse events (15). Lu et al. reviewed current comprehensive
understanding the pharmacological action and clinical trial results
of denosumab in the treatment of bone metastases.
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At present, clinicians are increasingly recognizing the
importance and scientific nature of multiple disciplinary team
(MDT) in the diagnosis and treatment of bone metastases. As an
important means of treatment, surgery can be divided into different
surgical methods according to different therapeutic purposes. The
surgical goals of bone metastases in the extremities are to prevent
and treat pathological fractures and to control the tumor locally
(16). Pu et al. found that total removal of bone metastases and
implantation of personalized modular prostheses can reduce pain
and improve limb function and quality of life in patients with
femoral shaft metastasis. Wu et al. preserved rectus femoris after
total femoral prosthesis replacement following resection of femoral
malignant tumors, this could improve limb function.

Treatment strategies for metastatic tumors of the extremities
and spine differ. Surgical goals for metastatic tumors of the spine are
local tumor control, pain relief, spinal stability, relief of spinal cord
neurologic compression, and improved quality of life (16). Positive
vitreous pressure (PVP) and percutaneous kyphoplasty (PKP) can
effectively relieve the pain degree of spinal metastasis patients, with
the advantages of small trauma, low risk, short operation time and
quick analgesic effect (17). Wang et al. Pulmonary cement
embolism is a rare, Wang et al. investigated risk factors for
pulmonary cement embolism after PVP and radiofrequency
ablation for spinal metastases. But underestimated complication
of vertebroplasty, Zhang C. et al. specifieded the direct and indirect
damage zone of radiofrequency ablation in porcine lumbar vertebra
by conducting animal experiments, this will improve the guidance
for improving the safety of the operation. According to literature
reports, about 60% of spinal metastases are tumors with abundant
blood flow. Arterial embolization can not only be used as an
auxiliary means before surgery to reduce hemorrhage in the hand
and improve the safety of surgical operation, but also as palliative
treatment. Vascular embolization can cause tumor ischemic
necrosis and relieve patients’ pain and tumor compression and
other symptoms (18). Zhang B. et al. found that preoperative
embolization is an effective and safe method to control bleeding
in patients with metastatic epidural spinal cord compression. Spinal
metastasis of malignant adrenal tumor (SMMAT) are rare
malignant neoplasms originating from the adrenal glands. Liu
et al. reported six cases of SMMAT, and they elucidated the
clinical characteristics and discussed surgical management and
outcomes of SMMAT.

At present, the treatment concept and technology of bone
metastases have developed rapidly, and there are still many
clinical problems to be solved. After the occurrence of bone
metastasis in a certain pathological type of cancer, the specific
selection of radiotherapy, surgery, systemic therapy, targeted drugs,
immunotherapy, its sequence and the details of the basis of
combination are one of the important clinical issues at present,
which still need clinical research and practice verification.
According to the practical experience of MDT for cancer bone
metastasis, it is one of the important directions of clinical research
to evaluate the classification of different cancers and select
treatment strategies in the future.
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Background: Individualized therapeutic strategies can be carried out under the
guidance of expected lifespan, hence survival prediction is important.
Nonetheless, reliable survival estimation in individuals with bone metastases
from cancer of unknown primary (CUP) is still scarce. The objective of the study
is to construct a model as well as a web-based calculator to predict three-
month mortality among bone metastasis patients with CUP using machine
learning-based techniques.

Methods: This study enrolled 1010 patients from a large oncological database,
the Surveillance, Epidemiology, and End Results (SEER) database, in the United
States between 2010 and 2018. The entire patient population was classified into
two cohorts at random: a training cohort (=600, 60%) and a validation cohort
(410, 40%). Patients from the validation cohort were used to validate models
after they had been developed using the four machine learning approaches of
random forest, gradient boosting machine, decision tree, and eXGBoosting
machine on patients from the training cohort. In addition, 101 patients from
two large teaching hospital were served as an external validation cohort. To
evaluate each model's ability to predict the outcome, prediction measures such
as area under the receiver operating characteristic (AUROC) curves, accuracy,
and Youden index were generated. The study's risk stratification was done
using the best cut-off value. The Streamlit software was used to establish a
web-based calculator.
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Results: The three-month mortality was 72.38% (731/1010) in the entire cohort.
The multivariate analysis revealed that older age (P=0.031), lung metastasis
(P=0.012), and liver metastasis (P=0.008) were risk contributors for three-
month mortality, while radiation (P=0.002) and chemotherapy (P<0.001) were
protective factors. The random forest model showed the highest area under
curve (AUC) value (0.796, 95% Cl: 0.746-0.847), the second-highest precision
(0.876) and accuracy (0.778), and the highest Youden index (1.486), in
comparison to the other three machine learning approaches. The AUC value
was 0.748 (95% Cl: 0.653-0.843) and the accuracy was 0.745, according to the
external validation cohort. Based on the random forest model, a web calculator
was established: https://starxueshu-codeok-main-8jv2ws.streamlitapp.com/.
When compared to patients in the low-risk groups, patients in the high-risk
groups had a 1.99 times higher chance of dying within three months in the
internal validation cohort and a 2.37 times higher chance in the external
validation cohort (Both P<0.001).

Conclusions: The random forest model has promising performance with
favorable discrimination and calibration. This study suggests a web-based
calculator based on the random forest model to estimate the three-month
mortality among bone metastases from CUP, and it may be a helpful tool to
direct clinical decision-making, inform patients about their prognosis, and

facilitate therapeutic communication between patients and physicians.
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Introduction

Cancers of unknown primary (CUP) are metastatic
malignancies with verified histology, whereas routine
assessments and imaging techniques are unable to identify the
primary cancer site (1). According to estimates, CUP occurs in
1% to 5% of all malignant neoplasms (2, 3), hence it is not
exceptionally rare. CUP is featured by early and aggressive
metastasis (4), such as bone metastases, and up to 30% bone
metastases had unknown origin at the time of diagnosis although
thorough physical examinations, laboratory tests, and
contemporary radiological images were conducted (5).

CUP is still a cancer group of very dismal outcome (6), and
CUP patient’s prognoses regrettably obtained minimal
improvement for recent decades, despite the emergence of
precision oncology which is able to identify the putative origin
of the CUP (6). Currently, the appropriate treatments for CUP
required evaluation of prognosis. In general, patients with a
favorable outcome (20% of CUP patients) were advised to
receive locoregional treatment or systemic chemotherapy,
while those with an unfavorable outcome (80% of CUP

patients) were treated with empirical chemotherapy, and
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locoregional therapy such as surgical remove of bone
metastasis should not be performed in this circumstance (2).
Thus, estimating the prognosis is crucial for those patients.

To elaborate, accurate and individualized prediction of
survival is vital to making clinical decision for the treatment of
CUP patients with bone metastases. Surgery shouldn’t be
performed on patients who have a low chance of survival since
it could cause more harm than good. In particular, palliative
therapies should be used to treat patients with a survival time of
fewer than three months (7-9). It should be noted that early
appropriate prognostic discussions with patients could lead to
better medical education of therapeutic goals and life expectancy
(10). Although a multitude of studies proposed individual
prognostic scoring systems to predict survival prognosis,
survival classification models among CUP patients with bone
metastases were really limited (11). Besides, oncologists did not
frequently encounter CUP patients, which restricted physician’s
experience and intuitions that they could depend on for
prognostic discussion.

Therefore, this study attempted to propose and validate an
accurate model to predict three-month mortality among CUP
patients with bone metastases. Because of individualized
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prognostic evaluation and favorable predictive performance,
machine learning approaches were widely used among
oncologists to predict the survival prognosis of cancer patients
(12, 13). Additionally, to encourage clinical implementation, the
model will be presented as the format of a web-based calculator
that is user-friendly for doctors to use. The study’s hypothesis
was that the model could be developed after choosing relevant
risk factors as model parameters, utilizing machine learning to
achieve the excellent accuracy of models, and establishing web
calculator to increase utility.

Patients and methods
Patient selection

In the Surveillance, Epidemiology and End Results (SEER)
database, 61036 individuals with bone metastases between 2010
and 2018 were examined for this investigation. The SEER database
is a project of the National Cancer Institute and, in an effort to
lessen the burden of cancer, it provides an authoritative source of
information on cancer incidence and survival rate of 28.0% of the
population in the United States. The SEER program is supported by
the Surveillance Research Program in NCI's Division of Cancer
Control and Population Sciences (http://seer.cancer.gov). SEER
gathers data on cancer cases from a variety of locations and
sources in the whole United States. The SEER*Stat Version
8.4.0.1 program was used in this investigation to retrieve
information about individuals with bone metastases from the
SEER database (2010-2018). CUP Patients were included in
analysis. Patients were disqualified if they met the following
criteria (1): 18 years old or less (2), death due to missing or
unknown cause (3), having missing values in needed variable,
and (4) having a follow-up of 3 months or less (Figure 1). Based
on the above inclusive and exclusive criteria, 1010 patients were
enrolled, and a 6:4 split of the entire patient population was
randomly assigned to a training group (n=600) and a validation
cohort (n=410). Patients from the validation cohort were used to
validate the model, which had been developed with patients from
the training cohort. A series of 106 CUP patients with bone
metastases underwent external validation. Between December
2013 and June 2022, these patients were gathered from the
Peking University First Hospital and the Hainan hospital of
Chinese PLA General Hospital. The study protocol was approved
by the Ethics Committee of the Peking University First Hospital and
the Hainan hospital of Chinese PLA General Hospital, and written
informed consent was waived due to retrospective data in nature.

Variables and the outcome

The study extracted the following variables: age (years), race
(black or other or unknown or white), sex (female or male),
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brain metastasis (no or unknown or yes), liver metastasis (no or
unknown or yes), lung metastasis (no or unknown or yes),
radiation (no/unknown or yes), and chemotherapy (no/
unknown or yes). Based on the Extent of Disease classification
and the American Joint Committee on Cancer, the tumor stage
and node stage were recoded. Three-month mortality was
defined as patients had a survival outcome of three or less
months according to the data in the SEER database.

Machine-learning models and
evaluation of models

This study used four machine learning approaches including
random forest (14), gradient boosting machine (15), decision tree
(16), and eXGBoosting machine (17) to establish models in the
training cohort. Leo Breiman in 2001 introduced random forest,
and, using the bagging method (Bootstrap AGGregatING), random
forest takes use of a series of decision trees with low reciprocal
correlation and randomly selected attributes (14). Gradient
boosting machine, introduced by Microsoft, is regarded as an
ensemble algorithm, and it is able to provide an efficient use of
the gradient boosting algorithm with the primary benefit of
dramatic acceleration of the training algorithms (15). Decision
tree is a data mining method for classification data, and it is
presented as a tree-like structure, and in this structure each
internal node indicates a test of a feature and each leaf node
indicates a classification (16). eXGBoosting machine is a
supervised machine learning model, and it utilizes an improved
generalized gradient boosting technique to quickly determine the
value of all input features (17).

Prior to modelling, significant variables should be identified by
multivariate analysis in the training cohort. In the validation cohort,
the nine prediction measures, including area under the receiver
operating characteristic (AUROC) curves, discrimination slope,
calibration slope, intercept-in-large, sensitivity, specificity,
precision, Youden index, and accuracy, were used to evaluate
predictive performance of the models. Among the nine metrics,
AUROC, calibration, sensitivity, specificity, and accuracy are
commonly used to evaluate model’s effectiveness. The optimal
model is the one with the most favorable discrimination
and calibration.

AUROC was plotted using “pROC” package. Accuracy is better
when the area under the curve (AUC) is higher. In details, an AUC
value of 0.5 denotes chance, whereas an AUC value of 1.0 denotes
complete compliance. Calibration curve was plotted using the
“val.prob.ci” function, and the curve was plotted with the
predicted probability against actual probability. Decision curve
was plotted using the “ggDCA” package, and the curve was used
to evaluate the clinical benefit of the model by quantifying the net
benefit under different threshold probabilities. In this curve, two
reference lines were placed to show the highest clinical cost (treat-
for-all plan) and no clinical benefit (treat-for-none plan).
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Bone metastasis patients
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of only 3 or less months (n=60)

Random forest
Gradient boosting machine
Decision tree

eXGBoosting machine

External validation cohort
(n=106)

* The GitHub (https://github.com/)
* The Streamlit app
(https://share.streamlit.io/)

1

:

; (n=61036)

|

1

12

I =4

1 9

1 ®

1 Q.

15

! c

1S

(]

! 2

1 [

D

I

1

I

:

i Enrolled patients (n=1010)

I s—
Pt i

I ! Randomly divided (6:4) |

1

1

: Training cohort Internal validation cohort
| (60%, n=600) (40%, n=410)
1

1

I \ /
[}

1 [)

(I .
o

| E Four models based on 0
. machine learning .
.9 .
]

1 <9

|3

I

I

1

i The optimal model

1

1

(I DD L

s

1 <

13

1S The web calculator

1 o)

] ()

=

FIGURE 1

Flow diagram outlining patients and methods. The yellow area indicates selection of patients, the green area indicates selection of the optimal
machine-learning model in the study, and the blue area indicates establishment of a web-based calculator.

Establishment of web-based calculator

The optimal machine-learning model was used to construct
the web-based calculator. Firstly, the optimal model was saved as
the format of PKL document via Python software (version 3.9.7).
Secondly, the optimal model and corresponding Python code
were both uploaded to the GitHub (https://github.com/) website.
Lastly, a web calculator can be subsequently deployed after
interlinking the Streamlit app (https://share.streamlit.io/) into
the GitHub. In the calculator, this study designed a panel of
feature selection, an introduction of the web calculator, a submit
bottom, and results showing probability of three-month
mortality and risk group classification.
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Statistical analysis

All continuous data from the entire study were shown as
mean and standard deviation (SD), while all categorical data
were shown as proportions. To check for comparability, data
from patients in the training and validation cohorts were
compared. In the training cohort, a subgroup analysis was
done between individuals who experienced three-month
mortality and those who did not. Additionally, risk
stratification was carried out in the study based on the ideal
cut-off value (threshold), and a comparison between low-risk
and high-risk groups using Chi-square test. R programming
language (version 4.1.2) was used for data visualization and
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statistical analysis, while Python (version 3.9.7) was used for
machine learning operations. A P value of less than 0.05 was
regarded as statistically significant, and all P values were
two-tailed.

Results
Patient’s basic clinical characteristics

A total of 1010 bone metastasis patients were enlisted for
analysis based on the inclusive and exclusive criteria. Age was
71.41 years (SD: 13.43 years) on average. The majority patients
were white (79.5%) and male (54.3%) (Table 1). Only a small
fraction of patients suffered from brain metastasis (9.7%), but up
to 46.4% of patients had liver metastasis, and 35.0% of patients
diagnosed with lung metastasis, indicating that the burden due
to metastatic diseases was relatively high. The therapeutic

TABLE 1 Patient’s demographics and clinical characteristics.

Characteristics Overall
n 1010
Age (mean (SD)) 71.41 (13.43)
Race (%)

Black 135 (13.4)

White 803 (79.5)

Others 72 (7.1)
Sex (%)

Female 462 (45.7)

Male 548 (54.3)

Brain metastasis (%)

No 747 (74.0)

Unknown 165 (16.3)

Yes 98 (9.7)
Liver metastasis (%)

No 431 (42.7)

Unknown 110 (10.9)

Yes 469 (46.4)
Lung metastasis (%)

No 502 (49.7)

Unknown 155 (15.3)

Yes 353 (35.0)
Radiation (%)

No/unknown 739 (73.2)

Yes 271 (26.8)
Chemotherapy (%)

No/unknown 801 (79.3)

Yes 209 (20.7)

SD, Standard deviation.
“indicates the continuity adjusted Chi-square test.
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interventions were not so commonly performed since only
26.8% of patients underwent radiation and 20.7% treated with
chemotherapy possibly. This could be because the primary
origin of cancers was not known, making it difficult to
undertake the proper interventions. The median survival time
was 1.0 months (95% CI: 0.83-1.17 months) in the entire cohort.
In addition, Table 1 also demonstrated that the baseline
characteristics were comparable between the training and
validation cohorts (All P>0.05).

Analyses of three-month mortality

Of all enrolled patients, up to 72.38% patients passed away at
or within three months. Patients with bone metastases from
CUP saw relatively steady three-month mortality from 2010 to
2018 (Figure 2A). The three-month mortality increased
significantly with age (Figure 2B). When compared to patients

Cohorts P-values *
Training Validation
600 410

71.17 (14.04) 71.77 (12.50) 0.487
0.619

75 (12.5) 60 (14.6)

482 (80.3) 321 (78.3)

43 (7.2) 29 (7.1)
0.793

277 (46.2) 185 (45.1)

323 (53.8) 225 (54.9)
0553

440 (73.3) 307 (74.9)

104 (17.3) 61 (14.9)

56 (9.3) 42 (10.2)
0.289

253 (42.2) 178 (43.4)

73 (12.2) 37 (9.0)

274 (45.7) 195 (47.6)
0.276

299 (49.8) 203 (49.5)

100 (16.7) 55 (13.4)

201 (33.5) 152 (37.1)
0277

431 (71.8) 308 (75.1)

169 (28.2) 102 (24.9)
0.832

474 (79.0) 327 (79.8)

126 (21.0) 83 (20.2)
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without three-month mortality, patients with three-month
mortality had significantly a higher age (73.21 years vs. 66.12
years, P<0.001, Table 2) and a higher proportion of white people
(82.0% vs. 76.3%, P=0.029). Besides, three-month mortality
group had a significantly greater rate of liver metastasis (47.8%
vs. 40.5%, P=0.031) and lung metastasis (36.3% vs. 26.6%,
P=0.035) and a significant lower rate of receiving radiation
(21.1% vs. 45.7%, P<0.001) and chemotherapy (9.4% vs.
49.7%, P<0.001) versus no three-month mortality group.

Selection of features for web calculator

Univariate analysis revealed that age (P<0.001), other race
(P=0.044), liver metastasis (P=0.027), lung metastasis (P=0.011),
radiation (P<0.001), and chemotherapy (P<0.001) were significantly
associated with three-month mortality (Table 3). Based on the
multivariate analysis, age (P=0.031), liver metastasis (P=0.008), lung
metastasis (P=0.012), radiation (P=0.002), and chemotherapy
(P<0.001) were significantly relevant to three-month mortality.
To be more specific, older age, lung metastasis, and liver
metastasis were risk contributors, while radiation and
chemotherapy both were protective features. Depending on the
multivariate analysis, features for the model was determined. Thus,
the four machine learning approaches were used to train and
optimize models using the aforementioned five factors.

Selection of model for web calculator
Model construction

The super-parameters were obtained after randomized search
with cross validation in each machine learning model, and the full
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super-parameters were shown in the Supplementary Table 1.
Supplementary Figure 1 shows the learning curves of the random
forest and gradient boosting machine, and Supplementary Figure 2
shows the learning curves of the decision tree and eXGBoosting
machine. All of these learning curves suggested that underfitting
and overfitting were largely avoided after randomized search for
appropriate super-parameters.

Internal validation

The area under curve (AUC) values were 0.796 (95% CI: 0.746-
0.847, Figure 3A) in the random forest model, 0.784 (95% CI: 0.732-
0.837, Figure 3B) in the gradient boosting machine model, 0.755
(95% CI: 0.701-0.810, Figure 3C) in the decision tree model, 0.786
(95% CIL: 0.734-0.838, Figure 3D) in the eXGBoosting machine
model. Figure 4 shows probability curve of each machine learning
model, and it demonstrated that all the four models had favorable
discrimination since the two groups were largely separated. The
discrimination slope was 0.196 in the random forest (Figure 5A),
0.237 in the gradient boosting machine (Figure 5B), 0.215 in the
decision tree (Figure 5C), 0.208 in the eXGBoosting machine
approach (Figure 5D). The corresponding calibration slopes were
1.36 (Supplementary Figure 3A), 0.97 (Supplementary Figure 3B),
0.83 (Supplementary Figure 3C), and 1.13 (Supplementary Figure
3D) respectively. Figure 6 shows decision curve analysis of all
models, and it denoted favorable clinical usefulness of each
approach. Table 4 shows predictive performance of each approach,
and it demonstrated that the random forest not only had the highest
AUC value, but also the highest Youden index and the second-
highest accuracy and precision. Therefore, the random forest model
was used as the optimal model in the study. Accordingly, external
validation, risk stratification, and the development of a web
calculator were conducted using the random forest model.
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TABLE 2 Subgroup analysis between patients according to three-month mortality in the training cohort.

Characteristics Overall
n 600
Age (mean (SD)) 71.17 (14.04)
Race (%)

Black 75 (12.5)

White 482 (80.3)

Other 43 (7.2)
Sex (%)

Female 277 (46.2)

Male 323 (53.8)
Brain metastasis (%)

No 440 (73.3)

Unknown 104 (17.3)

Yes 56 (9.3)
Liver metastasis (%)

No 253 (42.2)

Unknown 73 (12.2)

Yes 274 (45.7)
Lung metastasis (%)

No 299 (49.8)

Unknown 100 (16.7)

Yes 201 (33.5)
Radiation (%)

No/unknown 431 (71.8)

Yes 169 (28.2)
Chemotherapy (%)

No/unknown 474 (79.0)

Yes 126 (21.0)

SD, standard deviation.
“indicates the continuity adjusted Chi-square test.

External validation

A series of 106 bone metastasis patients with CUP underwent
external validation. The basic clinical characteristics are
summarized in Supplementary Table 2. The AUC value was
0.748 (95% CI: 0.653-0.843, Supplementary Figure 4). The
probability curve is depicted in Supplementary Figure 5, with
discrimination slope being 0.113 (Supplementary Figure 6) and
the calibration slope being 1.250 (Supplementary Figure 7).
Supplementary Figure 8 shows model’s decision curve analysis in
the external validation cohort. The above results indicated that the
optimal model also exhibited good discrimination and calibration in
the external validation cohort.

Establishment of web calculator

A web calculator was constructed according the optimal
model (the random forest model) in the study. Visiting https://

Frontiers in Oncology

Three-month mortality P-values *
No Yes
173 427
66.12 (15.59) 7321 (12.83) <0.001
0.029
21 (12.1) 54 (12.6)
132 (76.3) 350 (82.0)
20 (11.6) 23 (5.4)
0.669
77 (44.5) 200 (46.8)
96 (55.5) 227 (53.2)
0.785
127 (73.4) 313 (73.3)
28 (16.2) 76 (17.8)
18 (10.4) 38 (8.9)
0.031
87 (50.3) 166 (38.9)
16 (9.2) 57 (13.3)
70 (40.5) 204 (47.8)
0.035
100 (57.8) 199 (46.6)
27 (15.6) 73 (17.1)
46 (26.6) 155 (36.3)
<0.001
94 (54.3) 337 (78.9)
79 (45.7) 90 (21.1)
<0.001
87 (50.3) 387 (90.6)
86 (49.7) 40 (9.4)

14

starxueshu-codeok-main-8jv2ws.streamlitapp.com/, users is able
to access to the online calculator. If the online calculator has
gone to sleep (shut down), users are able to access to it via
clicking “Yes, get this app back up!”. After about 30 seconds, the
web-based calculator would be accessible. Users can choose
features according to their conditions in the panel of selecting
parameters, and then probability of three-month mortality could
be obtained by submitting all parameters. In addition, related
therapy recommendation was displayed in accordance with the
risk stratification. The risk stratification was achieved based on
the best cut-off value (71.10%) in the random forest model:
Patients in the high-risk group were 1.99 times more likely to
suffer from three-month mortality than patients in the low-risk
group (P<0.001, Table 5) in the internal validation cohort.
External validation showed the similar trend (Table 6):
patients in the high-risk group had 2.37-time odds of three-
month mortality than patient in the low-risk group (P<0.001).

frontiersin.org


https://starxueshu-codeok-main-8jv2ws.streamlitapp.com/
https://starxueshu-codeok-main-8jv2ws.streamlitapp.com/
https://doi.org/10.3389/fonc.2022.1095059
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Cui et al.

10.3389/fonc.2022.1095059

TABLE 3 Univariate and multivariate analysis of potential risk factors for predicting three-month mortality among bone metastasis from CUP in

the training cohort.

Characteristics Univariate analysis Multivariate analysis
OR (95%CI) P-value OR (95%CI) P-value

n
Age (mean (SD)) 1.04 (1.02-1.05) <0.001 1.02 (1.00-1.03) 0.031
Race (%)

Black Reference Reference

White 1.03 (0.60-1.77) 0.912 1.39 (0.73-2.65) 0.311

Other 0.45 (0.20-0.98) 0.044 0.56 (0.23-1.37) 0.204
Sex (%)

Female Reference Reference

Male 0.91 (0.64-1.30) 0.604 1.06 (0.70-1.61) 0.780
Brain metastasis (%)

No Reference Reference

Unknown 1.10 (0.68-1.78) 0.693 0.51 (0.22-1.18) 0.117

Yes 0.86 (0.47-1.56) 0.612 1.05 (0.49-2.23) 0.902
Liver metastasis (%)

No Reference Reference

Unknown 1.87 (1.01-3.44) 0.046 1.85 (0.66-5.20) 0.241

Yes 1.53 (1.05-2.22) 0.027 1.90 (1.18-3.04) 0.008
Lung metastasis (%)

No Reference Reference

Unknown 1.36 (0.82-2.25) 0.232 1.43 (0.58-3.52) 0.437

Yes 1.69 (1.13-2.54) 0.011 1.93 (1.16-3.22) 0.012
Radiation

No/unknown (%) Reference Reference

Yes (%) 0.32 (0.22-0.46) <0.001 0.49 (0.31-0.76) 0.002
Chemotherapy

No/unknown (%) Reference Reference

Yes (%) 0.10 (0.07-0.16) <0.001 0.11 (0.07-0.18) <0.001

OR, odds ratio; CI: confident interval; CUP, cancer of unknown primary; SD, standard deviation.

Additionally, introduction of the model was shown at the end of
the interface. Supplementary Figure 9 shows a screenshot of the
web calculator. In the screenshot, a specific example was
presented: a 57-year-old patient without liver and lung
metastasis did not receive radiation and chemotherapy, and
the three-month mortality was up to 72.30%.

Discussion
Main findings

This study found that older age, lung metastasis, and liver
metastasis were significant contributors for three-month
mortality, with radiation and chemotherapy being protective
factors for survival. Furthermore, using machine learning, the
study developed an accurate model that was able to predict
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survival among bone metastases patients from CUP, and its
predictive performance showed good discriminative and
calibrating ability. The model was incorporated into a web-
based calculator to encourage clinical reference and research use.
This model might be a useful tool to facilitate personalized
survival estimation and do some help to guide clinical
decision-making.

Survival prognosis

In the entire cohort of patients, up to 72.38% patients passed
away at or within three months, and this incidence was significantly
higher as compared to that among patients with other cancers. It
was reported that 33.7% of bone metastasis patients with common
cancers suffered from three-month mortality (18) and 44.4% of lung
cancer patients with synchronous brain metastasis had early death
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(a survival outcome of three or less months) (19). Raghav et al. (20)
showed that the median survival time of CUP patients was 14.7
months in a retrospective study. Jin et al. (21) found that the median
overall survival time of CUP patients was 6.0 months among
patients from the SEER database. Chambard et al. (22) reported
that bone metastasis patients with lung cancer had a median
survival of 7.0 months. Another large retrospective study found
that the median survival time of bone metastasis patients with
common cancers was 6.0 months (18). As for the cohort of patients
in the present study, the median survival time was only 1.0 months.
This short survival time could be explained by the evidence that
bone metastasis and CUP were all contributors to negatively
affecting survival outcome. What’s more, the majority of CUP
(80%) had unfavorable prognosis (2). Additionally, this study found
that the three-month mortality increased significantly with age, and
Shen et al. (19) found the similar trend among lung cancer patients
with synchronous brain metastasis.

Frontiers in Oncology

Model features

The model features in the study contained five variables: age,
lung metastasis, liver metastasis, radiation, and chemotherapy.
These variables were also proved to be associated with survival
outcome among CUP patients in other studies (20, 23).
Furthermore, a recent study showed that gender, Eastern
Cooperative Oncology Group performance status, histology,
number of metastatic sites, and neutrophil-lymphocyte ratio
were independent prognostic factors for survival among CUP
patients (20). Huey et al. (24) demonstrated that high
neutrophil-to-lymphocyte ratio were associated with worse
overall survival among CUP with bone-predominant or lymph
node-only disease. Consequently, some measures to improve
empirical chemotherapy or radiation, performance status, and
neutrophil-lymphocyte ratio would be beneficial to survival
prognosis among CUP patients.
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TABLE 4 Prediction performance of machine learning approaches for predicting three-month mortality among bone metastatic patients from CUP.

Measures Internal validation cohort External validation cohort
Random Gradient boosting Decision tree eXGBoosting
forest machine machine
Intercept-in-large 0.20 0.14 0.18 0.12 -0.95
Calibration slope 1.36 0.97 0.83 1.13 1.25
AUC (95%CI) 0.796 (0.746-0.847) 0.784 (0.732-0.837) 0.755 (0.701- 0.786 (0.734-0.838) 0.748 (0.653-0.843)
0.810)
Discrimination 0.196 0.237 0.215 0.208 0.113
slope
Specificity 0.670 0.679 0.491 0.642 0.772
Sensitivity 0.816 0.799 0.898 0.822 0.714
Precision 0.876 0.877 0.835 0.868 0.729
Youden 1.486 1.479 1.389 1.464 1.486
Accuracy 0.778 0.768 0.793 0.776 0.745
Threshold 0.711 0.724 0.464 0.723 0.718

AUC, Area under the curve; CI, Confident interval; CUP, cancer of unknown primary; eXGBoosting machine, eXtreme gradient boosting machine.
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TABLE 5 Risk stratification among patients in the internal validation cohort.

Risk groups Patients (n = 410)
Low-risk (£71.10%) 127
High-risk (> 71.10%) 283

“indicates P-value was obtained from the Chi-square test.

Survival prediction

A number of survival scoring systems had already proposed to
predict survival outcome among bone metastasis patients (25),
spine metastasis patients (9), and various cancer patients (26-28).
As for CUP, in the year of 2021, Raghav et al. (20) developed a
model to predict survival prognosis among CUP in a series of 521
patients and validated the model in two cohorts (n=103 and 302).
Five independent prognostic factors were included in the model and
the model had a C-index of 0.71. In the same year, Jin et al. (21)
proposed a model for predicting survival among CUP. A total of
3347 patients were divided into a training cohort and a validation
cohort. The C-index of the model was 0.705 in the training cohort
and 0.727 in the validation cohort. More recently, in 2022, Yang
et al. (29) created a model including six independent prognostic
factors (pathology, visceral metastases, Frankel score, weight loss,
hemoglobin, and serum tumor markers) to predict survival
outcome among spinal metastasis from CUP in a retrospective
derivation cohort of 268 patients and this model was validated in a
prospective validation cohort of 105 patients. The C-index was
0.775 in the derivation group and 0.771 in the validation cohort.
The above prediction models were designed for CUP and might not
be applicable in particular bone metastasis patients with CUP. In
the present study, the C-index was up to 0.796 based on the random
forest model, and the number was the highest as compared to the
above studies. Internal and external validation both confirmed that
the model had favorable discriminative and calibrating ability.

Individualized therapeutic strategies

Risk classification of patients was accomplished in the study,
and patients could be split into two risk categories based on the
ideal threshold, allowing for the personalized execution of
therapeutic strategies. Patients in the high-risk categories had a

Probability P-value ®
Predicted Actual
47.25% 44.09% (56/127)
81.32% 87.63% (248/283) <0.001

roughly two-fold greater chance than those in the low-risk
groups of dying within three months.

For palliative pain relief, patients in the high-risk group may
benefit from the best supportive care, short-term radiation, or even
minimally invasive procedures like cementoplasty (7). The study’s
proposed model, which dose not ask for any additional staff training,
can be used clinically to forecast the survival benefit of patients with
bone metastases and raise the performance of oncologists and
radiologists who aren’t professionals to that of experts.

Limitations

Although this study was well designed, there were still several
drawbacks. To begin with, some variables, such as comorbidity and
laboratory data, were not available due to the limitation of the SEER
database, and clinically the detailed information on cancer were also
unavailable because of the unclear primary cancer site. Incorporating
those variables might further improve prediction performance of the
model, but the AUC values demonstrated that the model was useful
enough to predict three-month mortality. Furthermore, our study
aimed at proposing a model with routine clinical data that were
widely available and easily accessible. Under such circumstances, it
would be more practical for oncologists to apply the model in these
situations. In addition, external validation was only performed in a
small study, thus the generalization of the model needs further
validation. Therefore, although the model was validated and
embraced favorable prediction performance, it warrants further
extensive revision and validation.

Conclusions

The random forest model has promising performance with
favorable discrimination and calibration. This study suggests a web-

TABLE 6 Risk stratification among patients in the external validation cohort.

Risk groups Patients (n = 106)
Low-risk (£71.10%) 37
High-risk (> 71.10%) 69

“indicates P-value was obtained from the Chi-square test.
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Probability P-value *
Predicted Actual
48.43% 24.32% (9/37)
76.73% 57.97% (40/69) <0.001
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based calculator based on the random forest model to estimate the
three-month mortality among bone metastases from CUP, and it
may be a helpful tool to direct clinical decision-making, inform
patients about their prognosis, and facilitate therapeutic
communication between patients and physicians. Patients in the
high-risk group may better be treated with best supportive care due
to very limited survival expectancy.
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Construction and validation

of a novel web-based
nomogram for patients

with lung cancer with bone
metastasis: A real-world analysis
based on the SEER database

Mengchen Yin*#, Sisi Guan™, Xing Ding", Ruoyu Zhuang™,
Zhengwang Sun®, Tao Wang*, Jiale Zheng*, Lin Li? Xin Gao?,
Haifeng Wei?, Junming Ma®, Quan Huang?,

Jianru Xiao* and Wen Mo™

'Longhua Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai, China,
2Changzheng Hospital, Second Affiliated Hospital of Naval Medical University, Shanghai, China,
sDepartment of Musculoskeletal Surgery, Shanghai Cancer Center, Fudan University,

Shanghai, China, “Department of Orthopaedics, The Second Hospital of Anhui Medical University,
Anhui, China

Purpose: Patients with lung cancer with bone metastasis (LCBM) often have a
very poor prognosis. The purpose of this study is to characterize the prevalence
and associated factors and to develop a prognostic nomogram to predict the
overall survival (OS) and cancer-specific survival (CSS) for patients with LCBM
using multicenter population-based data.

Methods: Patients with LCBM at the time of diagnosis were identified using the
Surveillance, Epidemiology, and End Results (SEER) Program database of the
National Cancer Institute (NCI) from 2010 to 2015. Multivariable and univariate
logistic regression analyses were performed to identify factors associated with
all-cause mortality and lung cancer (LC)—specific mortality. The performance
of the nomograms was evaluated with the calibration curves, area under the
curve (AUC), and decision curve analysis (DCA). Kaplan—Meier analysis and log-
rank tests were used to estimate the survival times of patients with LCBM.

Results: We finally identified 26,367 patients with LCBM who were selected for
survival analysis. Multivariate analysis demonstrated age, sex, T stage, N stage,
grade, histology, radiation therapy, chemotherapy, primary site, primary
surgery, liver metastasis, and brain metastasis as independent predictors for
LCBM. The AUC values of the nomogram for the OS prediction were 0.755,
0.746, and 0.775 in the training cohort; 0.757, 0.763, and 0.765 in the internal
validation cohort; and 0.769, 0.781, and 0.867 in the external validation cohort.
For CSS, the values were 0.753, 0.753, and 0.757 in the training cohort; 0.753,
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0.753, and 0.757 in the internal validation cohort; and 0.767, 0.774, and 0.872 in
the external validation cohort.

Conclusions: Our study constructs a new prognostic model and clearly
presents the clinicopathological features and survival analysis of patients with
LCBM. The result indicated that the nomograms had favorable discrimination,
good consistency, and clinical benefits in patients. In addition, our constructed
nomogram prediction models may assist physicians in evaluating individualized
prognosis and deciding on treatment for patients.

KEYWORDS

lung cancer, bone metastases, SEER, overall survival, cancer-specific survival

Introduction

As the most lethal cancer worldwide, there are
approximately 1.8 million new patients with lung cancer (LC)
diagnosed each year (1, 2). Bone is the most common and the
earliest site of metastases from LC, and 30%-40% of patients
with LC already have bone metastases (BMs) upon initial
diagnosis, which is usually associated with a poor prognosis
(3-5). The therapy for patients with lung cancer with bone
metastasis (LCBM) is diverse, including primary tumor
resection, metastatic surgery, chemotherapy, and radiotherapy.
However, in many cases, the survival of patients with LCBM
could not be accurately assessed, and individualized therapeutic
scheme could not be provided, which leads to additional distress
and poorer prognosis of patients.

In LCBM, tumor cells release cytokines and chemical
mediators to stimulate the periosteum and bone, combined
with the mechanical stress caused by tumor tissue in the
osteolytic lesions, causing serious bone pain. Moreover, it
increases the risk of complications referred to as skeletal-
related events (SREs), including pathologic fracture, spinal
cord compression, and hypercalcemia of malignancy. The
main therapeutic options for treating LCBM are chemotherapy
and radiotherapy. The therapy for BM from solid tumors has
been revolutionized over the last few decades. Since the 1990s,
bisphosphonates were introduced to treat BM and became a
mainstay of the management of BM. Until around the year 2000,
the appearance of denosumab challenged this dominance. Based
on existing studies, denosumab was found to be more effective in
reducing SREs. However, aforementioned treatment
development in BM was mainly dedicated to reducing SREs

Abbreviations: LC, lung cancer; LCBM, lung cancer with bone metastasis;
SEER, Surveillance, Epidemiology and End Results; CSS, cancer-specific
survival; OS, overall survival; ROC, receiver operating characteristic; AUC,

area under the curves; DCA, decision curve analysis.
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and bone pain, and the increase of overall survival (OS) was still
limited. Data are still limited on the epidemiology, signatures,
and prognostic factors of LCBM in general (6-8).

For data visualization, nomograms can increase the accuracy
of prognostic prediction in cancer, using the tumor size. The
chart integration predicts the probability of events. In previous
studies, nomograms have demonstrated its superior predictive
ability to the TNM staging system (9-12). As far as we know, the
current study is the first that developed nomograms based on a
large-size number of patients, which was verified by internal and
external validation sets to guarantee the reliability of the results.

The Surveillance, Epidemiology, and End Results (SEER)
Program’s registry is maintained by the National Cancer
Institute (NCI), which collects a large number of cancer-
related survival data from 1973 based on the US population.
The cancer-related data in the SEER Program were obtained
from 18 population-based registries, covering approximately
26% of the US population. Compared with any single
institution, the SEER database encompasses much more
population-level cancer data based on the largest sample size
worldwide (13-16).

In this study, we analyzed the data extracted from the SEER
database to identify risk factors associated with prognosis. Then,
we subsequently created nomograms as a comprehensive
prognostic assessment system. Both internal and external
validation cohorts were employed to ensure the nomogram’s
accuracy and reliability.

Materials and methods
Patient population

Patient data were extracted from the updated SEER database
(https://seer.cancer.gov). We used the SEER Stat software
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version 8.3.9 published by SEER to identify eligible patients in
this study. In addition, the data of eligible patients with LCBM in
the external validation cohort treated in these institutions were
acquired. The inclusion and exclusion criteria were the same as
those for the training cohort from the SEER database.
Eventually, we identified the prognostic factors of LCBM
through the included patients. For each cohort, patients were
randomly divided into the training set (70%) and the internal
validation set (30%). Prognostic factors identified from patients
in the training set were used to construct the nomogram that was
validated by the internal validation set. The inclusion criteria are
as follows: diagnosis with BM in 2010-2015 of all ages and
patients with complete information recorded. To identify
patients with metastatic LC to the bone, we selected cases with
LCBM at the first diagnosis, for further research. In addition,
patients who died during the study period were excluded. The
independent external validation cohort was derived from
patients with LCBM treated in four medical institutions
(Longhua Hospital, Changzheng Hospital, Shanghai Cancer
Center, and The Second Hospital of Anhui Medical
University). The inclusion criteria are as follows: definite
diagnosis of LCBM, 18 years of age and above, and complete
follow-up information. Figure 1 demonstrates the flowchart of
the procedure. Analysis of the data from the SEER Program was
exempted from medical ethics review, and no informed consent
was required. The studies involving human participants were
reviewed and approved by the Ethical Committee and
Institutional Review Board. The patients/participants provided
their written informed consent to participate in this study, and
all procedures followed the Declaration of Helsinki.

Data collection

The collected clinicopathological factors included the
following: age, sex, histology/behavior, malignant, histrionic,
radiation recode, chemotherapy recode, brain, liver, survival
months, vital status recode, the SEER data on cause-specific

10.3389/fonc.2022.1075217

death classification, the TNM stage, and pathological nodal
grade. In accordance with the seventh edition of the American
Joint Committee on Cancer staging system, we classified various
clinicopathological factors, and the histological type of CRC
patients was determined following the International
Classification of Diseases for Oncology, third edition (ICD-O-
3). The endpoints in our study were cancer-specific survival
(CSS) and OS.

Construction and validation of the
prognostic scoring system

Univariable and multivariable Cox regression analyses were
used to calculate the effects of variables on CSS and OS in the
training, testing, and external validation cohorts. We formulated
the nomogram based on the independent prognostic factors
identified by the Cox multivariate analysis by employing R
(version 4.0.1) with the rms package (available at http://
CRAN.R-project.org/package=rms). The overall points for
each patient in the training, testing, and external validation
cohorts were calculated using the established nomogram, after
which a Cox regression analysis of the entire cohort was carried
out using the overall points as a parameter.

The Hosmer-Lemeshow test was used to evaluate the
calibration of the nomogram and displayed in the form of the
calibration curve. Both 1-, 3-, and 5-year CSS and OS can be
estimated by the developed nomogram, respectively. Receiver
operating characteristic (ROC) curve analyses were performed
to test the performance evaluation of constructed nomograms by
the areas under the ROC curves (AUCs), and Harrell’s
concordance index (C-index) was applied to evaluate the
predictive value of the constructed nomogram. At the same
time, decision curve analysis (DCA) was applied to assess the
nomogram in the current research that was a novel strategy for
evaluating prognostic scoring system methods and has
advantages over AUROC in clinical value evaluation.

Patients with lung cancer in SEER database from 2010 to 2015 (1=161352) |

‘ Patients with lung cancer from 2010 to 2015 (n=800) ‘

Exclued(n=135317)

2 stage unknown (n=4590)
3N stage unknown (n=982)

1.Non-lung bone metastasis (n=129745)

Exclued(n=220)

1.Non-lung bone metastasis
(n=200)

2T stage unknown (n=11)
3N stage unknown (n=9)

‘ Patients with lung bone metastasis(n=26035) ‘

‘ Patients with lung bone metastasis(n=580)

Bxclued(n=8)
1.Gender unknown(n=0)
2.Sunvival time unknwown(n=7)

3. Age<18(n=1)

Exclued(n=240)
1.Gender unknown(n=0)
2:Survival time unknwown(n=220)

3. Age<18(n=20)

l Eligible Patinets with lung bone metastasis(n=26027)

J l Eligible Patinets with lung bone metastasis(n=340) J

[ Train cohort(n=18220) |

[ intema validation cohort(n=7807) |

[ external validation cohort(n=340) |

[ Model buliding ] Model evaluation

I Model evaluation |

FIGURE 1
Flow chart of the study.
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Statistical analysis

Statistical analysis was performed by SPSS v22.0 (IBM,
Armonk, NY, USA) and R for Windows v4.0.5 (https://www.r-
project.org). Chi-squared test was employed to analyze the
categorical variables. The survival analysis was completed
through the Kaplan-Meier method and log-rank test. The
measure of the effect of each variable on CSS and OS is
presented as the hazard ratio (HR) and was used to identify
independent risk factors. HR greater than 1 indicated that the
prognostic factor is unfavorable for survival, whereas HR smaller
than 1 indicated that the prognostic factor is favorable for
survival compared with the reference. A value of 1 revealed
that there was no significant relationship between them. To
minimize the influence of missing data, a backward stepwise
method was used to further sort out prognostic factors selected
in the multivariate Cox regression. The R statistical packages
“rms”, “survival”, “Hmisc”, “MASS”, and “time ROC” were used
to build a nomogram, plot calibration, and time-dependent ROC
curves, whereas “rmda” was used to draw the DCA curves. All
tests were two-sided, and P < 0.05 was considered statistically
significant (17-19).

Result
Characteristics of the study population

A total of 26,027 patients with LCBM were included in our
research. Meanwhile, 18,220 patients were enrolled into the
training set, and the remaining 7,807 patients were enrolled
into the internal validation set. The external validation set was
composed by 340 eligible patients with LCBM. Table 1 provides
the characteristics of the 26,367 patients.

Most of the patients with LCBM from the SEER dataset were
men (57.49%) and older than 65 years (56.77%). The most
common histological type was adenocarcinoma (51.52%), and
the most common primary site was the upper lobe (51.67%).
Compared with living patients, those deceased were more likely
to have had poor tumor histological type, poor tumor stage, poor
tumor grade, and higher rates of liver metastasis. In terms of
treatment, only 6.07% patients underwent metastatic surgeries,
59.15% patients have received chemotherapy, and 52.82%
patients have received radiation therapy.

Independent prognostic features
in patients with lung cancer with
bone metastasis

On univariable logistic regression analysis in the training
cohort, there were 12 factors associated with OS that showed
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statistical significance (P < 0.05). These are age, sex, T stage, N
stage, grade, radiation, chemotherapy, histology, primary site,
primary surgery, brain metastasis (mets-brain), and liver
metastasis (mets-liver). Then, the multivariate logistic
regression analysis showed that age, sex, T stage, N stage,
grade, radiation, chemotherapy, histology, primary site,
primary surgery, mets-brain, and mets-liver were the
independent predictors for the OS of patients with LCBM
(Tables 2 and 3) Figure 2 shows that all the above variables
were significant in relation to OS.

On univariable logistic regression analysis in the training
cohort, there were 13 factors associated with CSS that showed
statistical significance (P < 0.05). These were age, sex, T stage, N
stage, grade, radiation, chemotherapy, histology, primary site,
primary surgery, metastatic surgery, mets-brain, and mets-liver.
Then, the multivariate logistic regression analysis showed that
age, sex, T stage, N stage, grade, radiation, chemotherapy,
histology, primary site, primary surgery, metastatic surgery,
mets-brain, and mets-liver were the independent predictors
predicting the CSS for patients with LCBM (Tables 4 and 5).
Figure 3 shows that all the above variables were significant in
relation to CSS.

Construction of the nomogram

To predict 1-, 3-, and 5-year OS and CSS of patients with
LCBM, we built a nomogram in accordance with the major
prognostic factors identified by the multivariable Cox regression
analysis. Total points can be calculated by adding up the values
for each variable corresponding to nomogram points.
Subsequently, the value of total points corresponds vertically
to survival chances at multiple time points (Figure 4).

Comparison of the values of area
under the curves of the nomogram
with TNM stage

We conducted the time-dependent ROC analyses at 1, 3, and
5 years in the training, internal validation, and external
validation cohorts. In the training cohort, the AUC values of
the nomogram for the prediction of OS (AUCOS) were 0.755,
0.746, and 0.775, compared with 0.558, 0.583, and 0.616 for the
AUC values of TNM stage (AUCTNM), respectively. In the
internal validation cohort, AUCOS were 0.757, 0.763, and 0.765,
compared with 0.542, 0.578, and 0.587 for the AUCTNM,
respectively. In the external validation cohort, AUCOS were
0.769, 0.781, and 0.867, compared with 0.566, 0.606, and 0.628
for the AUCTNM, respectively (Figure 5).

Likewise, in the training cohort, the AUC values of the
nomogram for the prediction of CSS (AUCCSS) were 0.753,
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TABLE 1 Demographic and clinicopathological characteristics of patients in the training, internal validation, and external validation cohorts (N, %).
Variables Level SEER database Patient database

Training set Internal validation set External validation set

Overall  Alive Dead Overall  Alive Dead Overall Alive Dead

18,220 557 17,663 7,807 244 7,563 340 11 329
Age (%) <65 7,857 (43.1) 338 7,519 (42.6) 3,394 144 3,250 136 7 (63.6) 129
(60.7) (43.5) (59.0) (43.0) (40.0) (39.2)
>65 10,363 219 10,144 4,413 100 4313 (57.0) 204 4 (36.4) 200
(56.9) (39.3) (57.4) (56.5) (41.0) (60.0) (60.8)
Sex (%) Male 10,479 266 10213 4,483 126 4357 201 5 (45.5) 196
(57.5) (47.8) (57.8) (57.4) (51.6) (57.6) (59.1) (59.6)
Female 7,741 (42.5) 291 7,450 (42.2) 3,324 118 3,206 139 6 (54.5) 133
(52.2) (42.6) (48.4) (42.4) (40.9) (40.4)
Histology (%) Squamous cell 2617 (144) 47 (84) 2,570 (146) 1,165 23 (9.4) 1142 53(156) 2(182) 51 (15.5)
(14.9) (15.1)
Adenocarcinoma 9,363 (51.4) 397 8,966 (50.8) 4,047 182 3,865 174 7 (63.6) 167
(71.3) (51.8) (74.6) (51.1) (51.2) (50.8)
Small cell 4,460 (24.5) 64 (11.5) 4,396 (24.9) 1,845 20 (8.2) 1,825 78 (22.9)  2(182) 76 (23.1)
(23.6) (24.1)
Large cell 317 (1.7) 4(0.7) 313 (1.8) 122(1.6) 2(0.8)  120(1.6) 4(12)  0(0.0)  4(1.2)
Other 1,463 (8.0) 45 (8.1) 1,418 (8.0) 628 (8.0) 17 (7.0) 611 (8.1) 31 (9.1) 0 (0.0) 31 (94)
T (%) Tl 2,003 (1L0) 92 (165) 1911 (10.8) 853 (10.9) 42 (17.2) 811 (10.7) 42 (124) 2(182) 40 (12.2)
T2 4,813 (26.4) 145 4,668 (26.4) 2,047 66 (27.0) 1,981 90 (26.5) 3(27.3) 87 (264)
(26.0) (262) (26.2)
T3 4,771 (26.2) 143 4,628 (26.2) 2,085 73 (29.9) 2,012 90 (26.5) 2(18.2) 88(26.7)
(25.7) (26.7) (26.6)
T4 6,633 (36.4) 177 6,456 (36.6) 2,822 63 (25.8) 2,759 118 4 (36.4) 114
(31.8) (36.1) (36.5) (34.7) (34.7)
N (%) NO 3,523 (19.3) 167 3,356 (19.0) 1,501 69 (28.3) 1,432 73 (21.5) 4(36.4) 69 (21.0)
(30.0) (19.2) (18.9)
N1 1,487 (8.2) 60 (10.8) 1,427 (8.1) 633 (8.1) 19 (7.8) 614 (8.1) 27 (7.9) 1(9.1) 26 (7.9)
N2 8,936 (49.0) 222 8,714 (49.3) 3,924 99 (40.6) 3,825 160 3(27.3) 157
(39.9) (50.3) (50.6) (47.1) (47.7)
N3 4,274 (23.5) 108 4,166 (23.6) 1,749 57 (23.4) 1,692 80 (23.5) 3 (27.3) 77 (23.4)
(19.4) (22.4) (22.4)
M (%) Mla 465 (2.6) 16 (29) 449 (2.5) 216 (28) 10 (41) 206 (2.7)  7(21)  0(0.0) 7 (2.1)
M1b 17,484 532 16,952 7,462 229 7,233 331 11 320
(96.0) (95.5) (96.0) (95.6) (93.9) (95.6) (97.4) (100.0) (97.3)
MINOS 271 (1.5) 9 (1.6) 262 (1.5) 129 (1.7) 5(2.0) 124 (1.6) 2 (0.6) 0 (0.0) 2 (0.6)
Primary site (%) Main bronchus 1,068 (5.9) 22 (3.9) 1,046 (5.9) 466 (6.0) 9(3.7) 457 (6.0) 26 (7.6) 1(9.1) 25 (7.6)
Upper lobe 9,453 (51.9) 304 9,149 (51.8) 3,995 138 3,857 166 8 (72.7) 158
(54.6) (51.2) (56.6) (51.0) (48.8) (48.0)
Middle lobe 740 (4.1) 24 (4.3) 716 (4.1) 329 (4.2) 15 (6.1) 314 (4.2) 12 (3.5) 0 (0.0) 12 (3.6)
Lower lobe 4,694 (25.8) 153 4,541 (25.7) 2,006 65 (26.6) 1,941 80 (23.5) 2(182) 78 (23.7)
(27.5) (25.7) (25.7)
Overlapping lesion of 187 (1.0) 5(0.9) 182 (1.0) 91 (1.2) 2(0.8) 89 (1.2) 7 (2.1) 0 (0.0) 7 (2.1)
lung
Lung, NOS 2,078 (11.4) 49 (8.8) 2,029 (11.5) 920 (11.8)  15(6.1) 905 (12.0) 49 (144)  0(0.0) 49 (14.9)
Grade (%) I 291 (1.6) 16 (2.9) 275 (1.6) 144 (1.8) 6 (2.5) 138 (1.8) 7 (2.1) 0 (0.0) 7 (2.1)
i 1,820 (10.0) 81 (145) 1,739 (9.8) 745 (9.5) 41 (168) 704 (9.3)  30(8.8) 2(182) 28 (8.5)
111 4,346 (23.9) 140 4,206 (23.8) 1,876 54 (22.1) 1,822 82 (24.1) 1(9.1) 81 (24.6)
(25.1) (24.0) (24.1)
v 608 (3.3) 6 (1.1) 602 (3.4) 262 (3.4) 3(1.2) 259 (3.4) 12 (3.5) 0 (0.0) 12 (3.6)
(Continued)
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TABLE 1 Continued
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Variables Level SEER database Patient database
Training set Internal validation set External validation set
Overall  Alive Dead Overall  Alive Dead Overall Alive Dead
18,220 557 17,663 7,807 244 7,563 340 11 329
Unknown 11,155 314 10,841 4,780 140 4,640 209 8 (72.7) 201
(61.2) (56.4) (61.4) (61.2) (57.4) (61.4) (61.5) (61.1)
Primary surgery (%)  Yes 331 (1.8) 37 (6.6) 294 (1.7) 125 (1.6)  21(8.6) 104 (1.4) 9(26) 3(273) 6(1.8)
No 17,889 520 17,369 7,682 223 7,459 331 8 (72.7) 323
(98.2) (93.4) (98.3) (98.4) (91.4) (98.6) (97.4) (98.2)
Metastatic surgery Yes 1,100 (6.0) 33 (5.9) 1,067 (6.0) 480 (6.1) 25 (10.2) 455 (6.0) 19 (5.6) 0 (0.0) 19 (5.8)
(%)
No 17,120 524 16,596 7,327 219 7,108 321 11 310
(94.0) (94.1) (94.0) (93.9) (89.8) (94.0) (94.4) (100.0) (94.2)
Radiation (%) Yes 9,653 (53.0) 296 9,357 (53.0) 4,095 137 3,958 170 2 (182) 168
(53.1) (52.5) (56.1) (52.3) (50.0) (51.1)
No 8,567 (47.0) 261 8,306 (47.0) 3,712 107 3,605 170 9 (81.8) 161
(46.9) (47.5) (43.9) (47.7) (50.0) (48.9)
Chemotherapy (%) Yes 10,778 450 10,328 4,618 203 4,415 189 10 (90.9) 179
(59.2) (80.8) (58.5) (59.2) (83.2) (58.4) (55.6) (54.4)
No 7,442 (40.8) 107 7,335 (41.5) 3,189 41 (16.8) 3,148 151 1(9.1) 150
(19.2) (40.8) (41.6) (44.4) (45.6)
Brain metastasis (%)  Yes 4,380 (24.0) 116 4,264 (24.1) 1,813 58 (23.8) 1,755 90 (26.5)  1(9.1) 89 (27.1)
(20.8) (23.2) (23.2)
No 13,840 441 13,399 5,994 186 5,808 250 10 (90.9) 240
(76.0) (79.2) (75.9) (76.8) (76.2) (76.8) (73.5) (72.9)
Liver metastasis (%)  Yes 5649 (31.0) 83 (14.9) 5,566 (31.5) 2,473 33 (13.5) 2,440 105 3(27.3) 102
(31.7) (32.3) (30.9) (31.0)
No 12,571 474 12,097 5,334 211 5,123 235 8 (72.7) 227
(69.0) (85.1) (68.5) (68.3) (86.5) (67.7) (69.1) (69.0)

0.753, and 0.757, compared with 0.558, 0.579, and 0.611 for the
AUCTNM stage, respectively. In the internal validation cohort,
AUCCSS were 0.753, 0.753, and 0.757, compared with 0.544,
0.579, and 0.595 for the AUCTNM, respectively. In the external
validation cohort, AUCCSS were 0.767, 0.774, and 0.872,
compared with 0.561, 0.578, and 0.604 for the AUCTNM,
respectively (Figure 6). The results showed that the novel
prognostic scoring system had better efficacy in predicting the
prognosis of patients with LCBM than TNM stage.

Evaluation and validation of the overall
survival and cancer-specific survival
prediction nomograms using receiver
operating characteristic curves

We also used time-dependent ROC curves and the AUC to
validate the discrimination ability of nomograms. In the training
cohort, the 1-, 3-, and 5-year AUC values of nomograms
predicting OS were 0.755, 0.746, and 0.775, respectively. In the
internal validation cohort, the AUC values for OS were 0.757,
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0.763, and 0.765, respectively. In the external validation cohort,
the AUC values for OS were 0.769, 0.781, and 0.867, respectively.

Likewise, in the training cohorts, the 1-, 3-, and 5-year AUC
values of nomograms predicting for CSS were 0.751, 0.739, and
0.763, respectively. In the internal validation cohorts, the AUC
values for CSS were 0.753, 0.753, and 0.757, respectively. In the
external validation cohorts, the AUC values for CSS were 0.767,
0.774, and 0.872, respectively. The results showed that the novel
prognostic scoring system had a favorable predictive
sensitivity (Figure 7).

C-index values for the prediction of OS and CSS were also used
to evaluate the discriminatory power of the nomogram. The C-
index values for OS were 0.717 (95% CI, 0.715-0.719), 0.721 (95%
CI, 0.718-0.725), and 0.731 (95% CI, 0.716-0.746) in the training,
internal validation, and external validation cohorts, respectively.
Likewise, the C-index values for CSS were 0.716 (95% CI, 0.714-
0.718), 0.720 (95% CI, 0.716-0.723), and 0.731 (95% CI, 0.715-
0.746) in the training, internal validation, and external validation
cohorts. The result indicated that the nomogram had favorable
discrimination in patients with LCBM.
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TABLE 2 Univariate Cox regression model in the training, internal validation, and external validation cohorts of overall survival (OS) (N, %).

Variables Level SEER database Patient database
Training cohort Internal validation cohort External validation cohort
HR (95% CI) P HR (95% CI) P HR (95% CI) P

Age <65

265 1.27 (1.23-1.31) <0.001 1.3 (1.24-1.36) <0.001 1.18 (0.95-1.48) 0.135
Sex Male

Female 0.82 (0.79-0.84) <0.001 0.84 (0.8-0.88) <0.001 0.77 (0.61-0.96) 0.018
T T1

T2 1.17 (1.11-1.24) <0.001 1.18 (1.08-1.28) <0.001 1.16 (0.8-1.69) 0.44

T3 1.26 (1.2-1.33) <0.001 1.32 (1.21-1.43) <0.001 1.52 (1.04-2.21) 0.03

T4 1.31 (1.24-1.38) <0.001 1.33 (1.23-1.43) <0.001 1.38 (0.96-1.98) 0.083
N NO

N1 1.05 (0.99-1.12) 0.131 1.07 (0.97-1.17) 0.179 1.08 (0.69-1.7) 0.737

N2 1.2 (1.16-1.25) <0.001 1.16 (1.09-1.23) 0 1.2 (0.9-1.6) 0.207

N3 115 (1.1-1.2) <0.001 1.09 (1.01-1.17) 0.018 1.01 (0.73-1.4) 0.944
M Mla

Milb 1.03 (0.94-1.13) 0.576 1.08 (0.94-1.24) 0.267 0.71 (0.34-1.51) 0.379

MINOS 0.99 (0.85-1.15) 0.861 0.95 (0.76-1.19) 0.65 0.69 (0.14-3.33) 0.644
Grade I

1I 1.04 (0.92-1.18) 0.534 1.12 (0.93-1.34) 0.232 1.19 (0.52-2.73) 0.68

1T 1.4 (1.24-1.59) <0.001 1.5 (1.27-1.79) <0.001 1.88 (0.86-4.07) 0.112

v 1.55 (1.35-1.79) <0.001 1.59 (1.29-1.95) <0.001 2.71 (1.06-6.93) 0.037

Unknown 1.35 (1.2-1.52) <0.001 1.4 (1.18-1.66) <0.001 1.64 (0.77-3.49) 0.2
Radiation Yes

No 1.21 (1.18-1.25) <0.001 1.2 (1.15-1.26) <0.001 1.1 (0.88-1.37) 0.394
Chemotherapy Yes

No 3.04 (2.95-3.14) <0.001 3.19 (3.04-3.35) <0.001 3.23 (2.57-4.06) <0.001
Histology Squamous cell

Adenocarcinoma 0.69 (0.66-0.72) <0.001 0.65 (0.61-0.69) <0.001 0.74 (0.54-1.01) 0.06

Small cell 1.03 (0.91-1.16) 0.637 1.07 (0.89-1.3) 0.456 1.64 (0.59-4.55) 0.343

Large cell 0.88 (0.83-0.94) <0.001 0.89 (0.81-0.98) 0.021 1.31 (0.83-2.05) 0.246

Other 0.89 (0.85-0.93) <0.001 0.85 (0.79-0.92) <0.001 0.99 (0.69-1.42) 0.953
Primary site Main bronchus

Upper lobe 0.85 (0.8-0.91) <0.001 0.81 (0.73-0.89) <0.001 0.63 (0.41-0.97) 0.037

Middle lobe 0.8 (0.73-0.88) <0.001 0.78 (0.67-0.9) 0.001 0.78 (0.39-1.56) 0.484

Lower lobe 0.87 (0.81-0.93) <0.001 0.78 (0.71-0.87) <0.001 0.69 (0.44-1.08) 0.107

Overlapping lesion of lung 1.03 (0.88-1.21) 0.714 0.82 (0.65-1.02) 0.079 0.81 (0.35-1.89) 0.631

Lung, NOS 1.01 (0.94-1.09) 0.7 1.05 (0.94-1.17) 0.401 1.02 (0.63-1.66) 0.922
Primary surgery Yes

No 1.79 (1.59-2.01) <0.001 1.85 (1.52-2.25) <0.001 3.17 (1.41-7.13) 0.005
Metastatic surgery Yes

No 1.07 (1-1.13) 0.041 1.2 (1.09-1.32) <0.001 0.87 (0.55-1.39) 0.564
Brain metastasis Yes

No 0.94 (0.91-0.98) 0.001 0.94 (0.89-0.99) 0.014 0.73 (0.57-0.93) 0.011
Liver metastasis Yes

No 0.73 (0.71-0.75) <0.001 0.7 (0.66-0.73) <0.001 0.73 (0.58-0.93) 0.009

HR, hazard ratio.
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TABLE 3 Multivariate Cox regression model in the training, internal validation, and external validation cohorts of overall survival (OS) (N, %).

Variables

Age

Sex

Grade

Radiation

Chemotherapy

Histology

Primary site

Primary surgery

Metastatic surgery

Brain metastasis

Liver metastasis

N/A, Not Applicable.

Levels

265
Male
Female
T1

T2

T3

T4

NO

N1

N2

N3
Mla
Mib
MINOS

Squamous cell
Adenocarcinoma
Small cell

Large cell

Other

Main bronchus
Upper lobe
Middle lobe

Lower lobe

Overlapping lesion of lung

Lung, NOS
Yes
No
Yes
No

Frontiers in Oncology

SEER database

Training cohort

Internal validation cohort

Patient database

External validation cohort

HR (95% CI)

1.18 (1.14-1.21)

0.84 (0.81-0.86)

1.13 (1.07-1.19)
1.21 (1.15-1.28)
123 (1.17-1.3)

1.15 (1.08-1.22)
1.26 (1.21-1.31)
1.28 (1.22-1.34)

NA
NA

1.06 (0.94-1.21)
1.35 (1.19-1.52)
1.38 (1.19-1.59)
1.29 (1.15-1.46)

1.12 (1.08-1.15)
3.24 (3.13-3.34)
0.78 (0.74-0.81)
1.05 (0.94-1.19)
0.89 (0.83-0.95)
0.97 (0.92-1.02)
0.89 (0.83-0.95)
0.79 (0.71-0.87)
0.9 (0.84-0.96)
1.04 (0.89-1.21)
0.98 (0.91-1.06)
1.72 (1.53-1.94)
1.06 (0.99-1.13)

0.85 (0.82-0.88)

0.74 (0.72-0.77)

P

<0.001

<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

NA
NA

0.3446

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.3786

<0.001

0.299

<0.001

<0.001

0.0027

0.6493

0.6851

<0.001

0.0728

<0.001

<0.001

29

HR (95% CI)

1.15 (1.1-1.21)

0.87 (0.83-0.91)

1.15 (1.05-1.24)
1.24 (1.15-1.35)
122 (1.12-1.32)

1.04 (0.95-1.15)
1.25 (1.17-1.33)
121 (1.13-1.3)

NA
NA

1.2 (1-1.44)
1.51 (1.27-1.79)
1.55 (1.25-1.91)
1.43 (1.2-1.69)

1.09 (1.04-1.14)
3.37 (3.2-3.54)
0.78 (0.73-0.83)
1.13 (0.94-1.37)
0.89 (0.81-0.99)
0.95 (0.88-1.03)
0.9 (0.82-0.99)
0.84 (0.73-0.97)
0.87 (0.78-0.96)
0.84 (0.67-1.05)
1.13 (1.01-1.27)
1.79 (1.47-2.18)
1.07 (0.98-1.18)

0.83 (0.79-0.88)

0.71 (0.67-0.74)

P

<0.001

<0.001

0.0013
<0.001
<0.001

0.3712
<0.001
<0.001

NA
NA

0.0526
<0.001
<0.001
<0.001

<0.001

<0.001

<0.001

0.1938

0.0286

0.2403

0.0359

0.02

0.0067

0.1334

0.034

<0.001

0.1481

<0.001

<0.001

HR (95% CI)

NA

0.75 (0.59-0.94)

1.05 (0.72-1.56)
1.27 (0.86-1.88)
1.07 (0.73-1.57)

NA
NA
NA

NA
NA

2.55 (1.08-6.04)
3.13 (1.39-7.05)
4.04 (1.49-10.99)
2.71 (1.22-5.99)

NA
3.97 (3.09-5.11)

NA

NA

NA

NA
0.63 (0.4-0.97)
0.76 (0.37-1.55)
0.6 (0.37-0.97)
0.79 (0.33-1.88)
0.97 (0.59-1.6)
2.25 (0.98-5.17)

NA

0.78 (0.61-1.01)

0.67 (0.52-0.86)

P

NA

0.0118

0.7873
0.2215
0.7204

NA
NA
NA

NA
NA

0.0333
0.006
0.0062
0.0139
NA
<0.001
NA
NA
NA
NA
0.038
0.4503
0.0373
0.6003
0.9153
0.0562
NA

0.0621

0.0022
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FIGURE 2
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Kaplan—Meier curves of the overall survival (OS) factors: (A) age, (B) sex, (C) T stage, (D) N stage, (E) grade, (F) radiation, (G) chemotherapy,
(H) histology, (1) primary site, (J) primary surgery, (K) mets-brain, and (L) mets-liver.

The result of calibration curves for the nomogram showed

no obvious deviations from the reference line, indicating a high
degree of credibility (Figure 8). In addition, DCA of the
nomogram and TNM stage for the OS and CSS prediction of

patients was used to evaluate the clinical value. The result of

DCA indicated that the nomogram had better clinical outcome

values compared with the TNM staging system with higher net

benefits (Figure 9).

FIGURE 3

Kaplan-Meier curves of CSS (A) age, (B) sex, (C) T stage, (D) N stage, (E) grade, (F) radiation

E-.

Grade ~ 1~ 1l = ll ~ IV = unknown

eyt 2 e = Lovarie — g

(J) primary surgery, (K) metastatic surgery, (L) mets-brain and (M) mets-liver.
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TABLE 4 Univariate Cox regression model in the training, internal validation, and external validation cohorts of cancer-specific survival (CSS) (N, %).

Variables Level SEER database Patient database
Training cohort Internal validation cohort External validation cohort
HR (95% CI) p HR (95% CI) p HR (95% CI) p

Age <65

>65 1.25 (1.21-1.29) <0.001 1.28 (1.22-1.34) <0.001 1.11 (0.89-1.4) 0.36
Sex Male

Female 0.82 (0.8-0.85) <0.001 0.85 (0.81-0.89) <0.001 0.72 (0.58-0.91) 0.006
T T1

T2 1.18 (1.12-1.24) <0.001 1.2 (1.11-1.31) <0.001 1.11 (0.76-1.64) 0.58

T3 1.27 (1.2-1.34) <0.001 1.32 (1.22-1.44) <0.001 1.43 (0.98-2.11) 0.066

T4 1.32 (1.25-1.39) <0.001 1.36 (1.25-1.47) <0.001 1.31 (0.91-1.9) 0.147
N NO

N1 1.06 (0.99-1.13) 0.092 1.08 (0.98-1.19) 0.139 1.07 (0.67-1.69) 0.783

N2 1.21 (1.17-1.27) <0.001 1.17 (1.1-1.25) <0.001 1.13 (0.84-1.52) 0.406

N3 1.16 (1.1-1.21) <0.001 111 (1.03-1.19) 0.006 0.98 (0.7-1.37) 0911
M Mla

Milb 1.07 (0.97-1.17) 0.204 1.09 (0.95-1.26) 0.229 0.67 (0.32-1.43) 0.301

MINOS 1.02 (0.87-1.19) 0.808 0.93 (0.74-1.17) 0.517 0.7 (0.14-3.35) 0.65
Grade I

I 1.05 (0.92-1.2) 0.471 1.14 (0.94-1.37) 0.179 1.6 (0.62-4.17) 0.332

III 1.42 (1.25-1.61) <0.001 1.54 (1.29-1.84) <0.001 2.58 (1.04-6.39) 0.04

v 1.57 (1.36-1.82) <0.001 1.64 (1.33-2.03) <0.001 3.77 (1.32-10.76) 0.013

Unknown 1.37 (1.21-1.55) <0.001 1.41 (1.19-1.69) <0.001 2.1 (0.86-5.13) 0.101
Radiation Yes

No 1.19 (1.16-1.23) <0.001 1.17 (1.12-1.23) <0.001 1.08 (0.86-1.34) 0.525
Chemotherapy Yes

No 3.02 (2.92-3.12) <0.001 3.15 (3-3.31) <0.001 3.19 (2.52-4.04) <0.001
Histology Squamous cell

Adenocarcinoma 0.69 (0.66-0.73) <0.001 0.64 (0.6-0.69) <0.001 0.77 (0.55-1.07) 0.114

Small cell 1.04 (0.92-1.17) 0515 1.08 (0.89-1.31) 0.425 1.78 (0.64-4.97) 0.268

Large cell 0.9 (0.84-0.96) 0.001 0.88 (0.8-0.98) 0.016 1.29 (0.8-2.07) 0.296

Other 0.9 (0.85-0.94) <0.001 0.85 (0.79-0.92) <0.001 1.04 (0.72-1.51) 0.83
Primary site Main bronchus

Upper lobe 0.84 (0.79-0.9) <0.001 0.82 (0.74-0.9) <0.001 0.6 (0.39-0.92) 0.019

Middle lobe 0.78 (0.71-0.86) <0.001 0.79 (0.68-0.92) 0.002 0.71 (0.35-1.45) 0.352

Lower lobe 0.85 (0.79-0.91) <0.001 0.79 (0.71-0.87) <0.001 0.66 (0.42-1.04) 0.072

Overlapping lesion of lung 1.01 (0.86-1.19) 0.895 0.87 (0.69-1.09) 0.23 0.82 (0.35-1.9) 0.641

Lung, NOS 1 (0.93-1.08) 0.904 1.05 (0.94-1.18) 0.392 0.94 (0.57-1.53) 0.797
Primary surgery Yes

No 1.82 (1.61-2.05) <0.001 1.9 (1.55-2.33) <0.001 2.96 (1.31-6.66) 0.009
Metastatic surgery Yes

No 1.08 (1.01-1.15) 0.018 1.19 (1.08-1.31) <0.001 0.81 (0.51-1.3) 0.385
Brain metastasis Yes

No 0.93 (0.9-0.96) <0.001 0.92 (0.87-0.97) 0.003 0.7 (0.55-0.9) 0.006
Liver metastasis Yes

No 0.72 (0.7-0.74) <0.001 0.69 (0.65-0.72) <0.001 0.7 (0.55-0.89) 0.004
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TABLE 5 Multivariate Cox regression model in the training, internal validation, and external validation cohorts of cancer-specific survival (CSS) (N, %).

Variables

Age

Sex

Grade

Radiation

Chemotherapy

Histology

Primary site

Primary surgery

Metastatic surgery

Brain metastasis

Liver metastasis

N/A, Not Applicable.

Levels

265
Male
Female
T1

T2

T3

T4

NO

N1

N2

N3
Mla
Mib
MINOS

Squamous cell
Adenocarcinoma
Small cell

Large cell

Other

Main bronchus
Upper lobe
Middle lobe

Lower lobe

Overlapping lesion of lung

Lung, NOS

Frontiers in Oncology

SEER database

Training cohort

Internal validation cohort

Patient database

External validation cohort

HR (95% CI)

1.16 (1.13-1.2)

0.84 (0.82-0.87)

1.14 (1.07-1.2)
1.21 (1.15-1.28)
1.24 (1.17-1.31)

1.15 (1.08-1.23)
1.26 (1.21-1.32)
1.28 (1.22-1.35)

NA
NA

1.07 (0.94-1.22)
1.36 (1.2-1.54)
1.39 (1.2-1.62)
1.3 (1.15-1.48)

1.1 (1.06-1.13)
3.23 (3.12-3.34)
0.79 (0.75-0.82)
1.06 (0.94-1.2)
0.9 (0.84-0.97)
0.98 (0.93-1.03)
0.88 (0.82-0.94)
0.77 (0.7-0.85)
0.89 (0.83-0.95)

1.02 (0.87-1.2)
0.98 (0.9-1.05)
1.74 (1.55-1.97)
1.08 (1.01-1.15)

0.85 (0.82-0.88)

0.73 (0.71-0.76)

P

<0.001

<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

NA
NA

0.2936

<0.001

<0.001

<0.001

<0.001

<0.001

<0.001

0.315

0.0031

0.4556

<0.001

<0.001

<0.001

0.8241

0.5287

<0.001

0.0255

<0.001

<0.001

32

HR (95% CI)

1.14 (1.08-1.19)

0.88 (0.84-0.92)

1.17 (1.07-1.27)
1.25 (1.14-1.36)
1.24 (1.14-1.35)

1.05 (0.95-1.16)
1.25 (1.17-1.33)
1.22 (1.14-1.32)

NA
NA

1.21 (1-1.47)
1.53 (1.27-1.83)
1.57 (1.26-1.96)
1.42 (1.19-1.7)

1.07 (1.02-1.12)
335 (3.18-3.52)
0.77 (0.72-0.83)
1.13 (0.93-1.37)
0.89 (0.8-0.98)
0.95 (0.88-1.03)
0.92 (0.83-1.01)
0.87 (0.75-1)
0.88 (0.79-0.98)
0.9 (0.72-1.14)
1.14 (1.02-1.28)
1.86 (1.51-2.28)
1.07 (0.97-1.18)

0.83 (0.78-0.88)

0.7 (0.66-0.73)

P

<0.001

<0.001

<0.001
<0.001
<0.001

0.309
<0.001
<0.001

NA
NA

0.0449
<0.001
<0.001
<0.001

0.0108

<0.001

<0.001

0.2294

0.0226

0.221

0.0901

0.0567

0.0162

0.3853

0.0262

<0.001

0.1971

<0.001

<0.001

HR (95% CI)

NA

0.69 (0.54-0.87)

NA
NA
NA

NA
NA
NA

NA
NA

3.48 (1.3-9.29)
4.41 (1.74-11.19)
5.68 (1.89-17.08)
3.57 (1.42-8.96)

NA
4.06 (3.13-5.27)

NA

NA

NA

NA
0.6 (0.39-0.94)
0.71 (0.34-1.48)
0.59 (0.37-0.96)
0.86 (0.36-2.04)
0.93 (0.56-1.54)
2.1 (0.91-4.81)

NA

0.75 (0.57-0.97)

0.65 (0.5-0.85)

P

NA

0.0019

NA
NA
NA

NA
NA
NA

NA
NA

0.0128
0.0018
0.002
0.0068
NA
<0.001
NA
NA
NA
NA
0.025
0.36
0.0329
0.7357
0.7666
0.0802
NA

0.0274

0.0013
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FIGURE 4

Evaluation of the overall survival (OS)- and cancer-specific survival (CSS)-associated nomograms for patients with lung cancer with bone
metastasis (LCBM). (A) OS nomogram integrating age, sex, T stage, N stage, grade, radiation, chemotherapy, histology, primary site, primary
surgery, mets-brain, and mets-liver for predicting 1-, 3-, and 5-year OS rates. (B) CSS nomogram integrating age, sex, T stage, N stage, grade,
radiation, chemotherapy, histology, primary site, primary surgery, metastatic surgery, mets-brain, and mets-liver for predicting 1-, 3-, and 5-year

CSS rates.

Web-based nomogram

A freely available, web-based calculator was deployed for
predicting the postoperative OS and CSS of patients with LCBM
(https://yiinmengchen.shinyapps.io/DynNom_os/ and https://
yiinmengchen.shinyapps.io/DynNom_css/). With the use of
the web-based nomogram, we can individually assess the OS
and CSS of patients based on the input clinical factors. As an
example of calculating OS, we included a 60-year-old male
patient with LCBM with mets-brain and mets-liver. TNM
stage was T3N2. Pathological grade was 1. Histology was small
cell. He received chemotherapy and radiation. As shown in
Figure 10, the probability of OS for this patient was estimated to

Frontiers in Oncology

33

be 19.5% and 3.1% at 1 and 3 years, respectively. As shown in
Figure 11, the probability of CSS for this patient was estimated to
be 24.5% and 5.1% at 1 and 3 years, respectively.

Discussion

Commonly, the symptoms associated with patients with
LCBM are pain, occasional fractures, or interference with daily
activities (20). BM accounts for approximately 350,000 deaths in
the United States every year and nearly three times this number if
patients in the European countries and Japan are also included
(21). In the retrospective analysis of Swedish national inpatient
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FIGURE 5

The receiver operating characteristic (ROC) curve of the TNM stage and the overall survival (OS) nomogram. (A—C) The area under the curve
(AUC) values of ROC predicted 1-, 3-, and 5-year OS rates of the nomogram and TNM stage in the training cohort. (D—F) AUC values of ROC
predicted 1-, 3-, and 5-year OS rates of the nomogram and TNM stage in the internal validation cohort. (G—I) AUC values of ROC predicted 1-,
3-, and 5-year OS rates of the nomogram and TNM stage in the external validation cohort

data involving 21,169 patients with LC, by Riihimaki et al., BM
conferred the worst prognosis compared with other frequent
metastatic sites, which was one of the most frequent metastatic
sites as well (22). In another study based on the nationwide
Korean health insurance database, SREs most commonly occurred
in patients with LC among the 1,849 patients with BM (23). The
condition of patients with LCBM can rapidly progress to an
advanced stage after initial diagnosis and display metastasis,
which often renders the treatment difficult. Therefore, there is
an urgent need for the development of more clinically applied risk
predictors as well as novel tools for prediction of survival of
patients with LCBM in the clinic. Based on the data extracted from
the SEER database, we analyzed the survival of patients with
LCBM. The prognostic factors associated with OS and CSS were
also identified to accurately predict the prognosis of patients. As
far as we know, this was the first multicenter population-based
study that includes internal and external validation.

Our study found that some prognostic factors of LCBM were
in accordance with previously published reports, including a
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male predominance, older age, and a propensity for high-grade
tumors and more patients who were diagnosed with advanced
stage III/IV disease (20, 24, 25). In addition to this, T, N, and M
stages were correlated with shortened survival time. The effect of
primary location of LC on prognosis after BM could not be
defined, in accordance with our findings; the primary site was a
factor associated with survival. We found that patients with
main bronchial neoplasm had worse prognosis compared with
other locations. Although there has been a previous study that
confirmed that T3 centrally located early non-small cell LC
(NSCLC) has a better survival than other types, more research
studies obtained similar results with the present study (26, 27).
This conclusion could be explained as the technical limitations
of tumor resection involved in the main bronchus due to its
anatomy. On the other hand, the main bronchus neoplasm had a
high rate of lymph node metastasis, which was associated with
worse outcomes (28).

As one of the most common metastatic sites, the bone is a
unique microenvironment that appears to promote tumor
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FIGURE 6

The receiver operating characteristic (ROC) curve of the TNM stage and the cancer-specific survival (CSS) nomogram. (A—C) The area under the
curve (AUC) values of ROC predicted 1-, 3-, and 5-year CSS rates of the nomogram and TNM stage in the training cohort. (D—F) AUC values of
ROC predicted 1-, 3-, and 5-year CSS rates of the nomogram and TNM stage in the internal validation cohort. (G=1) AUC values of ROC
predicted 1-, 3-, and 5-year CSS rates of the nomogram and TNM stage in the external validation cohort.

growth. Our results revealed that liver and brain metastases were
independent predictors of survival in LCBM. According to the
theory of “seed and soil hypothesis,” metastatic cancer cells can
dynamically interact with particular organ microenvironment
and lead to different patterns of metastatic spread. Several
studies found that the site of metastasis did not significantly
influence patients’ survivals. However, our findings were
supported by other researchers (20, 29). Tamura et al.
reported a 1.55-fold increase in mortality in patients with liver
metastasis compared with those with other metastasis (30). Most
patients with LC with liver metastasis had multiple nodules
morphologically and biliary tract obstruction may have been
caused by LC metastatic to the lymph nodes in the porta hepatis
or the hepatic parenchyma lesion. Patients would be jaundiced
and would have a progressive divergence of hepatic synthetic
and coagulation function. Meanwhile, the activation or
metabolism of several cytotoxic drugs commonly used in
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various procedures for chemotherapy could be affected, in
turn, leading to the limitation of chemotherapy’s
administration. There were several cases reporting that
patients with liver metastases could not receive conventional
chemotherapy for liver dysfunction (31, 32). As one of the most
common sites of metastasis in patients with LC, brain metastasis
was regarded as one of the unfavorable prognostic factors in
previous research studies. In one study, based on the SEER
database, the cancer-specific case fatality was 91.01% after a
median follow-up of 52 months in 5,974 patients with LC and
with brain metastasis (33, 34). This study also revealed that
patients with additional sites of metastasis (like BM) were related
to worse survival. Thus, patients with LCBM combined with
brain metastasis tend to exhibit poor prognosis. In the case of
brain metastasis, the daily living activities of patients could be
limited significantly and they could develop severe neurological
symptoms, which may lead to reduced willingness of patients
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FIGURE 7

Nomograms of time-dependent receiver operating characteristic (ROC) curves for the overall survival (OS) and cancer-specific survival (CSS)
prediction of patients with lung cancer with bone metastasis (LCBM). (A—C) The training, internal validation, and external validation cohorts for
the OS. (D—F) The training, internal validation, and external validation cohorts for the CSS.

and doctors to pursue aggressive therapy. In addition, the use of the diagnosis, which can determine not only the nature of
chemotherapy for brain metastasis patients could be limited by intracranial lesions but also their source.
poor efficacy and high toxicity. In the case of LCBM with brain We found that radiotherapy, chemotherapy, and surgery of
metastasis, surgical treatment is not recommended because it primary lesions were of prognostic significance in LCBM.
has no significant impact on the long-term prognosis (32). In Among them, chemotherapy contributed most significantly to
comparison, intracranial tumor biopsy is the gold standard for prognosis in accordance with the nomogram. As is well known,
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FIGURE 8

Calibration curves for 1-, 3-, and 5-year overall survival (OS) and cancer-specific survival (CSS) rates of the nomogram predictions. (A—C) The
training, internal validation, and external validation cohorts for the OS. (D—F) The training, internal validation, and external validation cohorts for
the CSS.
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Decision curve analysis (DCA) of the nomogram and TNM stage for the overall survival (OS) and cancer-specific survival (CSS) prediction of
patients with lung cancer with bone metastasis (LCBM). (A) The training, (B) internal validation, and (C) external validation cohorts for the OS.
(D) The training, (E) internal validation, and (F) external validation cohorts for the CSS.
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chemotherapy remains the cornerstone of therapy in the
management of advanced LC. First-line chemotherapy,
maintenance chemotherapy, and second-line therapy were
considered as regular therapeutic regimen to advanced NSCLC
for many years (35, 36). Platinum-based doublets were used for
the standard first-line chemotherapy, which could achieve
symptoms remission and increased median survival by 1.5
months and the 1-year survival rate by 9%. Radiotherapy

Frontiers in Oncology

could relieve pain at the site of skeletal metastasis, reduce the
incident of SRE, and could be used as an alternative treatment
option for medically inoperable LC with high local control rates
and with low toxicity (37). The technology of stereotactic body
radiotherapy (SBRT) improved the accuracy and safety of
radiotherapy for patients with LCBM, especially for those with
spinal metastasis, which optimized radiation dose delivery to the
BM while sparing the spinal cord.
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We found that surgery of primary lesions was beneficial
for prolonging both the OS and CSS of patients with
LCBM. Although it is the standard treatment for patients
with advanced LC, surgeons have performed curative
resection in those who present with oligometastases. In the
retrospective study by Takahashi et al., patients with NSCLC
and synchronous isolated BMs achieved longer survival rates
following primary lung tumor resection (38). However, other
studies had different opinions. Patrini et al. suggested that
there was no case in which BM was considered as an
oligometastatic for the infaust prognosis (39). Considering
quite the low number of patients who underwent surgery of
the primary site, we speculated that they received surgery
for oligometastases. The role of surgery in LCBM has
not been effectively identified yet, especially for those
with polymetastasis.

In addition to the previously mentioned treatments, bone-
targeted pharmacological treatments including bisphosphonates
and denosumab were widely used clinically to reduce pain and
avoid SREs. In the last 30 years, bisphosphonate has been
considered a key player in the therapy of BM from various
cancers. Among bisphosphonates, zoledronic acid’s clinical
effectiveness was validated in multiple studies (40). Compared
with bisphosphonates, denosumab was found to be associated
with delayed first and subsequent SREs and lower incidence of
renal toxicity but higher incidence of hypocalcemia in several meta-
analyses. However, we failed to consider the bone-targeted
pharmacological treatments as the information in this regard was
not provided by the SEER data center. In recent years, the
application of next-generation sequencing technology has been
widely used in the auxiliary diagnosis and target therapy of
cancers (40). Epidermal growth factor receptor (EGFR) is the
most widely used driving gene for the targeted treatment of LC
and responds well to EGFR tyrosine kinase inhibitors (41). Previous
studies have shown that microRNA, Dickkopfl, and insulin-like
growth factor binding protein 3 are potential therapeutic targets for
LCBM (40). Mukai et al. reported a high expression of
mesenchymal-to-epithelial transition (MET) in both the primary
metastasis and BM of patients with LC and suggested that drugs
targeted at MET amplification, such as crizotinib and cabotinib,
would have a certain effect on patients with LCBM (42). Recently,
the study by Huang et al. found a high consistency of mutation
patterns between primary LC lesions and matched BM, which
indicated that the effective treatment of primary LC may also be
suitable for matched LCBM, such as the EGFR-TKI treatment for
LCBM with sensitive EGFR mutations (43). Unfortunately, the data
of molecular alterations were not available in the SEER database,
and our nomogram failed to include relevant factors.

Our study also has significant advantages. Compared with the
previous studies, we identified the risk factors for BM in patients
with LC and the prognostic factors of patients with LCBM.
Meanwhile, we created a nomogram containing identified
independent factors as a convenient and intuitive visual tool for
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prognostic prediction, which was verified by internal and external
validation sets to guarantee the reliability of the results. As a
retrospective cohort analysis with a large sample size, we point out
that the validated results of current study can provide guidance to
clinicians in daily routine practice and decision-making. However,
some limitations are present. First, this was a retrospective study
in which selection bias existed inevitably. Our study was limited
by the data available in the SEER database. Second, in the process
of patient screening, many failed to be enrolled to the SEER
database for lack of detailed information like insurance and details
on treatment. Missing data of these patients may mildly affect the
accuracy of the research result. Third, the SEER database is based
on the US population. The nomograms that we constructed may
be limited by geographic constraints and may only be considered
as a reference in the Chinese LCBM population. In the future,
large multicenter studies should be performed in Chinese patients
to develop a model to demonstrate its clinical validity for the
Chinese population.

Conclusion

In conclusion, the findings of this study based on a population
level identified several factors that affect the OS and CSS of patients
with LCBM, namely, age, sex, T stage, N stage, grade, histology,
radiation therapy, chemotherapy, primary site, primary surgery,
liver metastasis, and brain metastasis. We also found that metastatic
surgery was beneficial for prolonging the CSS of patients with
LCBM. Moreover, nomograms were developed to objectively
predict 1-, 3, and 5-year OS and CSS of patients with this
devastating disease. The result indicated that the nomogram had
favorable discrimination, good consistency, and clinical benefits in
patients with LCBM. For LCBM’s extremely poor prognosis, the
development of the prediction models was important for patients
and meant a lot to them. We point out that nomograms could help
oncologists to make better clinical decisions and provide
personalized treatment plans for patients.
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Purpose: The purpose of the study was to assess the effectiveness and safety of
preoperative embolization in the treatment of patients with metastatic epidural
spinal cord compression (MESCC).

Methods: A retrospective analysis of 138 MESCC patients who underwent
decompressive surgery and spine stabilization was performed in a large
teaching hospital. Among all enrolled patients, 46 patients were treated with
preoperative embolization (the embolization group), whereas 92 patients did
not (the control group). Patient’s baseline clinical characteristics, surgery-
related characteristics, and postoperative neurological status, complications,
and survival prognoses were collected and analyzed. Subgroup analysis was
performed according to the degree of tumor vascularity between patients with
and without preoperative embolization.

Results: Patients with severe hypervascularity experienced more mean blood
loss in the control group than in the embolization group, and this difference
was statistically significant (P=0.02). The number of transfused packed red cells
(PRC) showed a similar trend (P=0.01). However, for patients with mild and
moderate hypervascularity, both blood loss and the number of PRC transfusion
were comparable across the two groups. Regarding decompressive
techniques, the embolization group (64.29%, 9/14) had a higher proportion
of circumferential decompression in comparison to the control group (30.00%,
9/30) among patients with severe hypervascularity (P=0.03), whereas the rates
were similar among patients with mild (P=0.45) and moderate (P=0.54)
hypervascularity. In addition, no subgroup analysis revealed any statistically
significant differences in operation time, postoperative functional recovery,
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postoperative complications, or survival outcome. Multivariate analysis showed
that higher tumor vascularity (OR[odds ratio]=3.69, 95% ClI [confident intervall:
1.30-10.43, P=0.01) and smaller extent of embolization (OR=4.16, 95% CI: 1.10-
15.74, P=0.04) were significantly associated with more blood loss.

Conclusions: Preoperative embolization is an effective and safe method in
treating MESCC patients with severe hypervascular tumors in terms of intra-
operative blood loss and surgical removal of metastatic tumors. Preoperative
tumor vascularity and extent of embolization are independent risk factors
for blood loss during surgery. This study implies that MESCC patients
with severe hypervascular tumors should be advised to undergo
preoperative embolization.

KEYWORDS

decompressive surgery, metastatic epidural spinal cord compression, blood loss,
prognosis, preoperative embolization

Introduction

Metastatic epidural spinal cord compression (MESCC) is the
secondary compression of the spinal cord due to cancer
metastases to the spine or epidural space, and it can reduce the
quality of life because of cancer-associated back and leg pain,
neurological deficit, and loss of bladder and bowel continence (1,
2). The morbidity of this disease is about 5%-10% among patients
with malignant tumors (1), and approximately one out of ten
spine metastases patients will develop MESCC (3). Therapeutic
standards for MESCC patients are not yet accessible.
Decompressive surgery followed by postoperative irradiation is
typically recommended among individuals who have progressive
neurologic deficit, a generally healthy level of physical activity, and
an anticipated survival period of longer than three months (4).

Nevertheless, intra-operative blood loss poses a great
significant problem for MESCC patients undergoing
decompressive surgery. Several publications have noted that
that surgically treated patients with metastatic spinal illness
experienced blood loss of 1,630 to 3,640 ml (5) and sometimes
up to 10,000 ml of significant bleeding (6), and a meta-analysis
revealed that the pooled mean blood loss was above 2100 ml (7).
Allogeneic blood transfusion was necessary for those patients
under these circumstances, but it has been shown to be linked to
an increased risk of postoperative infection, delirium, venous
thromboembolism, and even mortality (8, 9). Thus, it is an
intriguing topic to discuss ways to assist patients and surgeons in
minimizing blood loss and transfusion.

Preoperative embolization is a technique that was developed
to lessen intra-operative blood loss, simplify the process of spine
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surgery, and make operation safer (10-12). This method was
first made available in 1974 to treat spine tumors and lessen
intra-operative blood loss (13). Nowadays, it is widely used in
the treatment of a variety of spinal tumors (10-12). However,
several investigations showed that intra-operative blood loss
during the surgical excision of spinal tumors was not
significantly affected by preoperative embolization (11, 14, 15).
This might be the case since the amount of blood loss varied
greatly according to histology and surgical methods (16). In
particular, highly vascularized cancers such as renal and live
carcinoma were relevant to a high risk of blood bleeding, and
more invasive procedures like corpectomy resulted in a
significantly high volume of blood loss in comparison to
laminectomy (16). More recently, a number of studies with a
small size sample reported that preoperative embolization for
patients with hypervascular metastatic tumors was able to
decrease intra-operative blood loss (17, 18), but inconsistent
results still existed (19, 20). In addition, patients with non-
hypervascular lesions did not experience the benefit of lowering
blood loss (16). Additionally, these findings still require further
verification (21).

Therefore, this study aimed to assess the effectiveness and
safety of preoperative embolization in the treatment of MESCC
patients. Intra-operative features such as blood loss, number of
packed red cells (PRC), and surgical methods and postoperative
outcome including complication, functional recovery, and
survival outcome were thoroughly collected and compared in
the study to evaluate the role of preoperative embolization in
MESCC patients. This study speculated that preoperative
embolization might be an efficient and safe method to reduce
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blood loss during surgery, which would make it easier to
remove metastases.

Patients and methods
Inclusion criteria and exclusion criteria

This study retrospectively examined 138 MESCC patients
underwent decompressive surgery and spine stabilization
between January 2012 and December 2018. Patients were
considered for analysis if they met the following criteria: (1)
patients were diagnosed with metastatic spinal cord
compression, (2) patients were treated with decompression
and spine stabilization combined with or without preoperative
embolization, and (3) patients presented at least one of
symptoms listed below as a result of MESCC: a. severe back
pain; b. sensory dysfunction; c. motor dysfunction; d. sphincter
dysfunction. Patients were excluded for the analysis if they met
any of the following criteria: (1) age less than 18 years, (2)
MESCC due to primary spinal malignant tumor or
intramedullary metastases, (3) prior spinal surgery treatment,
(4) poor health precluding surgery (an expected lifespan of less
than three months), or (5) uncorrectable coagulopathy
or renal impairment. Patient’s flowchart is outlined in
Supplementary Figure 1.

Patients included in the analysis were classified according to
the presence of preoperative embolization, and there were the
embolization group and the control group. Patients in
the embolization group were treated with preoperative
embolization, whereas patients in the control group did not
receive preoperative embolization. The Ethics Committee Board
of the Fourth Medical Center of PLA General Hospital and
waived the informed consent from patients since all data were
retrospective in nature, and the study was conducted in
accordance with the Declaration of Helsinki.

Procedure and techniques

The indication for surgery was neurological deficit,
mechanical back pain, and a predicted survival time of more
than three months. The main indication of preoperative
embolization was to reduce intra-operative bleeding (22), and
the aim of embolization was to block the cephalad and caudal
segmental arteries. Selection of patients for preoperative
embolization was mainly based on the two criteria: (1)
preoperative radiography represented hypervascularity; (2)
radical surgery was planned. In our institution, preoperative
embolization of metastatic spinal tumors was routinely
recommended for eligible patients, particularly those with
hypervascular tumors, but such surgeries are typically
performed in emergencies and limited by the availability of
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interventional radiologists. In addition, embolization was not
done if there was an evidence of major Adamkiewicz artery
linked to the tumor vascularization, and Adamkiewicz artery
provided blood supply to the spinal cord (23), because
embolization of this artery may lead to serious complications,
including paralysis, anesthesia, incontinence, and sexual
dysfunction. In some cases, embolization was performed
partially to preserve the blood supply to the anterior spinal
artery. In regional anesthesia, patients received standard
endovascular techniques through arterial access to one femoral
artery. Selective catheterization and digital subtraction
angiography of spinal segmental arteries were performed.
Routinely, a 5 F catheter (Cordis) was selectively inserted into
thoracic aorta and the corresponding intercostal artery, followed
by a 2.6 F catheter (Stride, Japan) being selectively inserted into
the branch of intercostal artery. Particles were injected to
prevent blood reflux. The interventional radiologist chose the
optional embolization material. Polyvinyl alcohol embolization
microspheres (500-700 um, Heng Rui, China), gelatin sponge
(1000 um, Alicon, China), and microcoils (Cook, Inc,
Bloomington, Indiana) were used during embolization.
Decompressive surgery was generally conducted within 48
hours after preoperative embolization to avoid the
revascularization of the tumor (24). Decompressive surgery
was performed by wide laminectomy using the posterior
approach, and intralesional excision was conducted as soon as
possible in order to prevent massive blood loss. Besides,
circumferential decompression was completed as fast as
possible, if applicable. Tamponade of the cavity was done
using absorbable hemostatic gauze to achieve hemostasis after
the removal of tumor tissue. A case report is depicted in Figure 1.
Intensity-modulated radiotherapy was routinely performed after
surgical wound healing among the two groups.

Baseline characteristics and definitions

A series of patient’s characteristics, including age, gender,
location of MESCC, primary cancer types, preoperative
neurological status, spinal instability neoplastic score (SINS),
tumor vascularity, preoperative hemoglobin, preoperative
international normalized ratio (INR), and preoperative
thrombocytes, were collected from the two groups. The
preoperative neurological statue was evaluated using
ambulatory status (25), and patients with Frankel A, B, and C
are unable to walk, while patients with Frankel D and E are
ambulatory. The spine instability was evaluated using SINS (26).
Before embolization, spinal angiography was used to assess the
tumor vascularity in the embolization group by visual evaluation
of the intensity of tumor blush (14, 22): mild hypervascularity
was defined as no or slightly more prominent than the normal
vertebral body blush, moderate hypervascularity was defined as
medium tumor blush without early arteriovenous shunting, and
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FIGURE 1

A case report of a MESCC patient who was a 50-year-old man with a histology of renal cancer and treated with preoperative embolization.
(A) Perioperative lateral X-ray of MESCC; (B) Perioperative anteroposterior X-ray showed that pedicle of the vertebral arch disappeared in the

left side of L2; (C) Preoperative T2-weighted sagittal MRl showing cord compression at L7; (D) Preoperative T2-weighted coronal enhanced MR

showing metastatic cancer; (E) Preoperative T2-weighted cross enhanced MRI showing metastatic cancer at L1; (F) Preoperative T2-weighted
cross enhanced MRI showing metastatic cancer at L2; (G) Preoperative angiography showed extensive tumor blush from first lumbar artery at
left; (H) The extensive tumor blush was successfully embolized; (I) Preoperative angiography showed extensive tumor blush from the second
lumbar artery at left; (J) The extensive tumor blush was successfully embolized; (K) Lateral radiograph at 1 week after surgery;

(L) Anteroposterior radiograph at 1 week after surgery; (M) MRI of metastatic tumor site at 3 months after surgery, indicating no further tumor
progress; (N) CT image of metastatic tumor site at 3 months after surgery. Red dotted circle indicates preoperative blush and white dotted

circle indicates postoperative blush.

severe hypervascularity was defined as intense tumor blush with
early arteriovenous shunting. Examples of the degree of
vascularity are provided in Figure 2. In the control group,
hypervascularity was evaluated using tumor histology in terms

of previous studies (27). To elaborate, severe hypervascular
tumors included hepatocellular cancer, renal cell carcinoma,
and thyroid carcinoma (27), moderate hypervascularity
included lung cancer, breast cancer, prostate cancer, colon

FIGURE 2

The evaluation of hypervascularity. (A) Mild hypervascularity; (B) Moderate hypervascularity; (C) Severe hypervascularity.
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cancer, and nasopharyngeal cancer (27), and mild
hypervascularity included others. In addition, subgroup
analysis was further performed among patients stratified by
severe vs. moderate vs. mild hypervascularity.

Surgery-related characteristics
and definitions

Characteristics evaluated between the two groups included
operation time (min), blood loss (ml), number of transfused
PRC, and decompressive methods. Operation time was
calculated from skin incision to closure, blood loss was
determined according to anesthesiologists’ records, and the
degree of transfusion was estimated based on the number of
used packed red blood cells (RBC). Decompressive methods
included circumferential decompression and simple posterior
decompression. Circumferential decompression for MESCC was
defined as the metastatic tumor being successfully removed
around the spinal cord and the complete decompression being
achieved. Circumferential decompressive surgery referred to
posterolateral transpedicular decompression and tumor
resection combined with internal transpedicular screws and
rods fixation in the study. Simple posterior decompression was
defined as the metastatic tumor being not successfully removed
in the anterior spinal cord, and thus the decompression of
MESCC was not completely achieved. During surgery,
decompression cannot be completely removed mainly due to
massive intra-operative blood loss, and thus simple posterior
decompression in the study mainly referred to laminectomy and
internal transpedicular screws and rods fixation.

Postoperative outcomes

Postoperative characteristics analyzed in the study included
postoperative complication, postoperative neurological status,
and postoperative survival outcome. Postoperative neurological
status was evaluated ambulatory status one week after surgery
(25). The postoperative complications included local and
systematic complications due to surgery: local complications
included hematoma, infection, or wound dehiscence, and
systematic complications included pneumonia, cardiac
problem, bedsore or sudden death. Survival time was defined
as the overall survival time interval between the operation date
and death/or last follow-up.

Identification of risk factors for affecting
blood loss

Identification of risk factors for predicting blood loss were
performed in the embolization group after analyze eleven
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preoperative characteristics, and these characteristics included
age, gender (female vs. male), location of MESCC (thoracic spine
vs. lumbar spine), ambulatory status (yes vs. no), SINS, tumor
vascularity (mild vs. moderate vs. severe), preoperative
hemoglobin (mmol/L), preoperative INR, preoperative
thrombocytes (x10°/L), extent of embolization (partial vs.
subtotal vs. total), and time interval of embolization (0-24 h
vs. 25-48 h). The extent of embolization was classified into three
groups according to the technical success of embolization which
was evaluated by visual estimation of tumor blush intensity
reduction: partial (<70%), subtotal (70%-90%), and total
(>90%) (28).

Statistical methods

Observational data are reported as mean + standard
deviation (SD). The ¢ test, Wilcoxon rank test, and Chi-square
test were performed to analyze and compared the patient’s
baseline characteristics between two groups. The ¢ test,
supplied with the Wilcoxon rank test, was used to compare
operation time, blood loss, and the number of PRC transfusion.
The Chi-square, adjusted continuous Chi-square, and fisher
exact test were used to compare postoperative neurological
status, complications, and decompressive methods. The log-
rank test was used to compare the survival time and Kaplan-
Meier method was used to generate the survival curve. Simple
and multiple logistic regression models were used to analyze
potential characteristics for blood loss. Discrimination of the
significant features was evaluated by calculating the area under
the receiver operating characteristic curve (AUROC).
Calibration was assessed by using the Hosmer-Lemeshow
goodness-of-fit test with a P-value of more than 0.05
indicating that there is no evidence of a lack of fit in the
selected model. A P value of 0.05 or less was considered
statistically significant. Statistical analysis was performed using
SAS software (version 9.2), and data visualization was conducted
using R programming software (version 4.0)

Results
Baseline clinical characteristics

The 138 MESCC patients had a median follow-up of 14.33
months (range: 3.2 to 25.31 months). The mean age at surgery was
58.00 + 7.43 years in the embolization group and 59.95 + 8.99 years
in the control group (P=0.21). The most common location of
MESCC was thoracic vertebra (28/46, 60.9%), followed by lumbar
vertebra (18/46, 39.1%) in the embolization group. Similar trend
was also observed in the control group for the most common
location of MESCC. In the embolization group, 23.9% (11/46) of
patients had mild hypervascularity, with 45.7% (21/46) being
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moderate hypervascularity and 30.4% (14/46) being severe
hypervascularity, based on the angiography. The corresponding
proportions in the control group were 17.4% (16/92), 50.0% (46/
92), and 32.6% (30/92), respectively, in terms of cancer histology.
Table 1 shows more details on baseline clinical characteristics, and it
demonstrated that there was no significant difference in the
distribution of these clinical characteristics between the two groups.

Subgroup analysis of intra-operative
characteristics among patients stratified
by tumor vascularity

Subgroup analysis indicated that mean blood loss was greater in
the control group (1852.93 + 749.31 mL) than in the embolization
group especially among patients with severe hypervascularity
(1372.14 + 469.49 mlL, Figure 3A), and the difference was
significant (P=0.02, Table 2). However, the blood loss was similar
between two groups among patients with mild (P=0.75) and
moderate (P=0.67) hypervascularity. In addition, patients with
severe hypervascularity in the embolization group also had a

10.3389/fonc.2022.1098182

significantly lower mean number of transfused PRC as compared
with patients in the control group (6.14 + 2.10 vs. 8.23 + 2.63 units,
P=0.01, Figure 3B). However, this trend was also not observed
among patients in the mild (P=0.29) and moderate (P=0.96)
hypervascularity. With regards to decompressive methods, the
embolization group (64.29%, 9/14) had a higher rate of
circumferential decompression in comparison to the control
group (30.00%, 9/30) among patients with severe hypervascularity
(P=0.03), but the rates were similar among patients with mild
(P=0.45) and moderate (P=0.54) hypervascularity. Additionally, no
subgroup analysis revealed a significant difference in operation time.

Subgroup analysis of postoperative
characteristics among patients stratified
by tumor vascularity

This study assessed postoperative ambulatory status,
complications, and survival prognoses in relation to postoperative
outcomes. Subgroup analysis demonstrated that the influence of
preoperative embolization on postoperative ambulatory status was
insignificant, although the embolization group had better

TABLE 1 Baseline clinical characteristics of the embolization and control groups.

Characteristics Embolization group (n=46) Control group (n=92) P
Age (means + SD, year) 58.00 + 7.43 59.95 + 8.99 0.21
Gender
Male 21 49
0.40
Female 25 43
Location of MESCC
Thoracic spine 28 51
0.54
Lumbar spine 41
Primary cancer types
Lung cancer 20
Renal cancer 17
0.92
Breast cancer 18
Others 21 37
Preoperative ambulatory status
No 27 52
0.81
Yes 40
SINS (means + SD) 7.96 + 1.86 8.52 + 241 0.17
Tumor vascularity *
Mild hypervascularity 16
Moderate hypervascularity 21 46 0.66
Severe hypervascularity 30
Preoperative hemoglobin (means + SD, mmol/L) 7.80 + 1.01 8.13 +1.27 0.12
Preoperative INR (means + SD) 1.06 + 0.11 1.04 + 0.09 0.37
Preoperative thrombocytes (means + SD, x10°/L) 318.34 + 72.02 338.27 + 108.32 0.28

MESCC, metastatic epidural spinal cord compression; SINS, spinal instability neoplastic score; INR, international normalized ratio.

“indicates the tumor vascularity in the control group was evaluated using tumor histology.
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postoperative functional recovery in comparison to the control
group (85.71% (12/14) vs. 63.33% (19/30), P=0.25), in particular
among patients with severe hypervascularity (Table 2). Regardless
of vascularity, the proportions of postoperative complication were
similarly distributed between patients with and without
preoperative complication (All P20.75). Survival outcome was
compared between the embolization and control groups, and it
showed no significance, with the median survival time of the
embolization group being 9.77 (95% CI: 8.43-10.53) months and
the control group being 8.50 (95% CI: 7.70-8.93) months (P=0.11,
log-rank test, Figure 4A). In addition, subgroup analysis of survival

outcome was performed in terms of mild (P=0.16, log-rank test,
Figure 4B), moderate (P=0.40 log-rank test, Figure 4C), and severe
(P=0.55 log-rank test, Figure 4D) hypervascularity, and no
significant difference was obtained neither.

Risk analysis of preoperative clinical
characteristics for predicting blood loss

In the univariate analysis of characteristics for blood loss
among patients treated with preoperative embolization,

TABLE 2 Subgroup analysis of intra-operative and postoperative characteristics among patients stratified by tumor vascularity.

. Mild hypervasculari Moderate hypervasculari Severe hypervasculari
Characteristics YP ty Yp ty yp ty
o Control NN Control NN Control
Embolization group P Embolization group P Embolization group P
roup(N=11 roup(N=21 roup(N=14
group( ) (N=16) group( ) (N=46) group( ) (N=30)
Blood loss (means + SD, 1004.63 + 1852.93 +
628.55 + 213.46 606.81 + 188.39 0.75 907.00 + 338.21 0.67 1372.14 + 469.49 0.02
ml) 328.64 749.31
Number of transfused
) 291 £ 2.02 3.81 £2.23 0.29 4.86 + 1.77 522 +247 0.96 6.14 £ 2.10 8.23 + 2.63 0.01
PRC (means + SD, unit)
Decompressive methods
Circumferential
. 8 9 8 14 9 9
decompression
0.45 0.54 0.03
Simple posterior
. 3 7 13 32 5 21
decompression
Operation time (means +
SD, min) 215.18 + 49.84 20842 £ 55.10 0.75 218.24 + 66.08 22320 £73.15 0.79 229.79 £ 61.53 24287 £72.63 0.71
Ambulatory status
No 1 3 3 11 2 11
0.62 0.57 0.25
Yes 10 13 18 35 12 19
Postoperative complication
Yes 2 2 4 9 4 10
1.00 0.96 0.75
No 9 14 17 37 10 20

PRC, packed red blood cells; SD, standard deviation.
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significance was found for tumor vascularity (OR=2.98, 95%CI:
1.17-7.57, P=0.02, Table 3) and extent of embolization
(OR=2.83, 95%CI: 1.00-8.02, P=0.05), whereas no significance
was observed for other characteristics (All P>0.05). In the
multiply analysis of the risk factors, statistical significance was
also observed for tumor vascularity (OR=3.69, 95%CI: 1.30-
10.43, P=0.01) and extent of embolization (OR=4.16, 95%CI:
1.10-15.74, P=0.04).

Evaluation of the two significant factors was conducted using
discrimination and calibration. AUROC of the tumor vascularity
alone was 0.692 (95% CI: 0.552-0.833) (Figure 5A), AUROC of
the extent of embolization alone was 0.668 (95% CI: 0.524-0.812)
(Figure 5B), and AUROC of the tumor vascularity combined
with the extent of embolization was 0.812 (95% CI: 0.668-0.957)
(Figure 5C). In addition, calibration was assessed by using the
Hosmer-Lemeshow goodness-of-fit test, and the P-value was
0.32 when the model included tumor vascularity alone, 0.48
when the model included the extent of embolization alone, and
0.06 when the model included the two features.
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Additionally, no significant complication was noted in
relation to the safety of preoperative embolization. Only four
patients suffered from myalgia and one patient had fever because
of preoperative embolization, and the symptoms subsided within
three days.

Discussion

Patients with MESCC commonly had decompressive
surgical surgery along with postoperative radiotherapy for
rapid decompression and local tumor management (4).
However, decompressive open surgery may cause significant
perioperative blood loss and unfavorable postoperative
consequences (5-7). Thus, preoperative embolization has been
claimed to reduce intra-operative blood loss among spine
metastases patients, particularly those with hypervascular
tumors (17, 18), whereas some recent studies have suggested
that the blood loss was not different when preoperative
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TABLE 3 Univariate and multivariate analysis of characteristics for predicting blood loss among patients treated with preoperative embolization.

Simple logistic regression

Multiple logistic regression

Characteristics Patients (n=46)
OR (95% CI) p OR (95% CI) P
Age (year) 58.00 + 7.43 1.08 (0.99-1.18) 0.07 Insignificance
Gender
Male 21
1.08 (0.33-3.56) 0.90 Insignificance
Female 25
Location of MESCC
Thoracic spine 28
3.12 (0.91-10.79) 0.07 Insignificance
Lumbar spine 18
Preoperative ambulatory status
No 27
1.18 (0.35-3. 94) 0.79 Insignificance
Yes 19
SINS 7.96 + 1.86 1.17 (0.84-1.63) 0.35 Insignificance
Tumor vascularity
Mild hypervascularity 11
Moderate hypervascularity 21 2.98 (1.17-7.57) 0.02 3.69 (1.30-10.43) 0.01
Severe hypervascularity 14
Preoperative hemoglobin (means + SD, mmol/L) 7.80 + 1.01 0.66 (0.36-1.23) 0.19 Insignificance
Preoperative INR (means + SD) 1.06 + 0.11 0.17 (0.10-39.01) 0.52 Insignificance
Preoperative thrombocytes (means + SD, 10°/L) 318.34 + 72.02 1.01 (0.99-1.01) 0.30 Insignificance
Extent of embolization
Partial 5
Subtotal 17 2.83 (1.00-8.02) 0.05 4.16 (1.10-15.74) 0.04
Total 24
Time interval of embolization
0-24 h 41 Lo
7.71 (0.79-75.75) 0.08 Insignificance
25-48 h 5

MESCC, metastatic epidural spinal cord compression; SINS, spinal instability neoplastic score; SD, standard deviation; INR, international normalized ratio.

embolization was performed among those patients (19, 20). This
study examined MESCC patients in great detail using
vascularity-based stratification.

In the present study, it demonstrated that patients with
severe hypervascular tumor had significant lower blood loss, less
number of PRC transfusion, and a higher rate of circumferential
decompression, but these effects were not observed among
patients with moderate and mild vascular cancers, indicating
that preoperative embolization might be an effective therapeutic
strategy particularly for MESCC patients with severe
hypervascularity. Similar findings were reported in a previous
study conducted by Hong et al. (29) and it elucidated that intra-
operative blood loss was greater in the non-embolization
patients (1988 mL, n=34) than in the embolization patients
(1095 ml, n=18) with hypervascular tumor. In a single-blind,
randomized controlled clinical study, Clausen et al. (14) also
showed that a small reduction of intra-operative blood loss was
shown in hypervascular metastases. As for patients with non-
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hypervascular metastatic spinal tumors, Yoo et al. (16) found
that there were no significant differences in intra-operative blood
loss, perioperative blood loss, and total blood transfusion
between the patients treated with and without preoperative
embolization, and the result was consistent with our study.
Furthermore, our study newly proved that patients with
severe hypervascular tumor had a significantly higher
proportion of circumferential decompression. The reason
might be because less intra-operative blood loss provided
better surgical views for surgeons, which would definitely
facilitate the removal of metastatic tumors. In addition, no
significant differences were found in terms of operation time,
postoperative ambulatory status, postoperative complication,
and survival outcome. The complication rates between the
embolization and control groups were similar, which was
consistent with other studies (5, 30-32), and the incidence
ranged from 15.0% to 35.5%. In a meta-analysis, Gao et al.
(32) also found that preoperative embolization had no influence
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on survival prognosis among spine metastases patients.
Regarding the safety of preoperative embolization, some
studies has shown that it had the potential risk of hematoma
or pseudoaneurysm at the puncture site, arteriovenous fistula,
and post-embolization syndrome. The post-embolization
syndrome was normally characterized by pain, fever, nausea,
myalgia, and general weakness, all of which were possibly
originated from tissue infarction due to release of
inflammatory mediators and vasoactive substances (14). The
symptoms were usually relieved within about 3 days. The
frequency of these complications was relatively low, and the
number was only 0% to 8.5% (14). In this study, four patients
suffer from myalgia and one patient had fever because of
preoperative embolization, and the symptoms subsided within
3 days, indicating that preoperative embolization was considered
a relatively safe therapeutic approach to treat MESCC patients.

In addition, eleven risk factors were analyzed for intra-
operative blood loss among MESCC patients treated with
preoperative embolization. Significance was found for tumor
vascularity and extent of embolization, while other features
showed no significance as risk factors. It indicated the tumor

Frontiers in Oncology

vascularity and the extent of embolization were independent risk
factors for predicting blood loss. Other studies showed that more
blood loss was found in patients with incomplete embolization
(17, 27) and hypervascularity tumor (29). Previous studies also
indicated that the location of MESCC and the time interval of
embolization both were correlated with intra-operative blood loss.
In detail, a decrease in blood loss was related to lumbar
localization and the short interval (19, 27). However, other
authors found that there was no correlation between the time
interval and intra-operative blood loss (33). Thus, this parameter
needs further investigation. Evaluation of the two significant
features was conducted with the help of discrimination and
calibration. It indicated that the tumor vascularity and extent of
embolization combined together or alone were useful features for
evaluating intra-operative blood loss among MESCC patients.

Limitations

The study has some constraints. First, it was determined that
the study’s bias existed because it was a retrospective analysis
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and not random. Additionally, some cancer kinds that were
thought to have high hypervascularity, like neuroendocrine
tumors and hemangiopericytoma instances, were uncommon
at our institution. Additionally, several MESCC patients who
were paralyzed while admitting the hospital were chosen for
urgent surgery without embolization. Although there were some
limitations, this study brought great supplements to current
literature that preoperative embolization was able to reduce
intra-operative blood loss and facilitate surgical removal of
metastatic tumors among MESCC patients with severe
hypervascularity. Nevertheless, a large prospective study is
still warranted.

Conclusions

Preoperative embolization is an effective and safe method in
treating MESCC patients with severe hypervascular tumors in
terms of intra-operative blood loss and surgical removal of
metastatic tumors. Preoperative tumor vascularity and extent
of embolization are independent risk factors for blood loss
during surgery. This study implies that MESCC patients with
severe hypervascular tumors should be advised to undergo
preoperative embolization.
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Research progress of bone
metastases: From disease
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Bone metastases, as one of the common types of metastatic tumors, have a
great impact on the survival period and quality of life of patients. Bone
metastases are usually characterized by bone destruction. Skeletal related
events caused by bone destruction often lead to pain, pathological fractures
and even paralysis. In this review, we provide a detailed explanation of bone
metastases from the epidemiology, clinical features, pathogenesis, and
recently developed clinical treatment viewpoints. We concluded that the
incidence of bone metastases is increasing gradually, with serious clinical
symptoms, complex pathogenesis and diverse clinical treatment. Tumor
cells, immune cells, osteoblasts/osteoclasts and other cells as well as
cytokines and enzymes all play a key role in the pathogenesis of bone
metastases. We believe that the future treatment of bone metastases will be
diversified and comprehensive. Some advanced technologies, such as
nanomedicine, could be used for treatment, but this depends on
understanding how disease occurs. With the development of treatment, the
survival time and quality of life of patients will be improved.

KEYWORDS

bone metastases, disease recognition, clinical practice, review, scope

1 Introduction

Bone metastases are malignant tumors that colonize bone through such as
hematogenous metastases to form bone lesions (1). They are a common complication
of many malignant tumors and may lead to poor prognosis (2). As a kind of disease, the
epidemiological and pathological features of bone metastases are more complex than
those of other malignant tumors. With the development of comprehensive tumor
therapy, the survival time of tumor patients has been extended, and the occurrence
probability of bone metastases has also shown an increasing trend (3). Once a patient is
diagnosed with bone metastasis of malignant tumor, the prognosis will be significantly
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worse and the quality of life will be significantly decreased.
Related complications will significantly increase the financial
burden of patients and families (4). Therefore, bone metastases
of malignant tumors have gradually attracted extensive attention
from clinicians and clinical researchers. With the development
of relevant scientific experiments and clinical studies, clinicians’
views on the treatment of bone metastases are constantly being
updated, from the previous negative conservative treatment and
analgesic treatment to the current personalized comprehensive
treatment such as surgery, radiotherapy, chemotherapy and
targeted therapy, which improves the quality and survival time
of patients (5). Multidisciplinary cooperation has also helped
improve the quality of life of patients with bone metastases. A
variety of medical concomitant symptoms and drug side effects
can be diagnosed and treated in time. In addition, based on the
development of scientific research in related fields, some newer
fields, such as the diagnosis and treatment of bone metastases
with nanomaterials, are developing rapidly. In view of the
important role of bone metastases in bone and soft tissue
tumors, we reviewed the epidemiology, pathogenesis and
clinical treatment of bone metastases in order to provide
necessary guidance for the development of related disciplines.

2 Epidemiological, pathological and
clinical features of bone metastases

According to the existing epidemiological data, bone
metastases can appear in many types of malignant tumors,
especially breast cancer, lung cancer, prostate cancer, kidney
cancer and thyroid cancer (6). Bone metastases have been
reported in 40% of non-small cell lung cancer (7). More than
70-85% of patients with advanced prostate cancer develop bone
metastases (8). The incidence of bone metastases in
differentiated thyroid carcinoma(DTC) ranges from 1% to
20%. About 44% of metastatic DTC patients have lesion that
has spread to bone (9). About 75% of patients with advanced
breast cancer develop bone metastases (10). Bone metastases
have been reported in 30% of patients with renal cell carcinoma
(RCC) (11). Some reports concluded that bone is the second

10.3389/fonc.2022.1105745

most common site of RCC metastasis (12, 13). About 35-40% of
patients with RCC metastases are bone related (12). In addition,
cancers such as bronchial carcinoma often cause bone
metastases (14). The incidence of bone metastases in
gastrointestinal cancer is relatively low (14). According to
current clinical observation, it is rare for gastrointestinal
tumors to develop bone metastases without liver and lung
metastases. The relevant data is described in Table 1.
Clarifying the relevant epidemiological data of bone metastases
has important clinical significance, which can help clinicians to
make a comprehensive assessment of patients with related
malignant tumors and develop appropriate follow-up protocols.

The pathological features of bone metastases are also varied.
For common bone metastases, some bones show a higher
incidence, such as the spine, pelvis, femur, humerus and so on
(15). Studies have indicated that spinal metastases are common
in patients with advanced malignancies, with a reported
incidence of 30-50% (16, 17). The prevalence of spinal
metastases in some malignancies may even be as high as 70%,
with most metastases occurring in the thoracic spine (70%),
followed by the lumbar spine (20%) and the cervical and sacral
vertebrae (10%) (18, 19). Some long bones such as humerus and
femur may also exhibit bone metastasis. Guzik noted in his study
that about 10% of patients with primary malignant tumors
develop proximal femur metastases (20). In metastatic tumors
of the femur, 50% of the lesions occurred in the neck of the
femur, 30% occurred in the subtrochanteric site, and 20%
occurred in the intertrochanteric site, which may be related to
the local developed blood supply (20). Wedin et al. mentioned in
their study that the humerus is the second most common site of
bone metastases in long bones (21). The common metastatic
sites showed more cancellous bone and more abundant blood
circulation. In addition, different bone metastases have different
forms of bone damage. According to the changes of bone
content in the lesion, bone metastases are mainly divided into
osteoblastic lesions and osteolytic lesions (22). However, in some
patients with bone metastases, both lesions may be present (23).
Osteoblastic bone metastases are more common in prostate
cancer (24, 25). On the contrary, most of the bone metastases
of breast cancer, kidney cancer and other malignant tumors are

TABLE 1 A summary of the types of bone destruction, occurrence probability and common sites of bone metastasis.

Common site of metastasis

Type of primary tumor

Main type of bone destruction

Lung cancer Osteolytic destruction

Proportion of metastasis

40% Spinal metastases:

Prostatic cancer Osteogenic destruction

——thoracic vertebra (70%)

Breast cancer Osteolytic destruction

Thyroid cancer Osteolytic destruction

Renal carcinoma Osteolytic destruction

>70-85% ——lumbar vertebra (20%)
5% ——Cervical and sacral vertebrae (10%)
Pelvis;
1~ 20% Femur:

——Neck of the femur (50%)
——Subtrochanteric site (30%)
30% ——Intertrochanteric site (20%);
Other parts of long bones.

The concluded data presented in the table are reported in partial typical literature. Relevant references are reflected in the preceding paragraphs.
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often presented as osteolytic lesions (26-29). Bone metastases of
lung cancer and thyroid cancer are also often presented as
osteolytic lesions (30, 31). It is important to identify the
relevant pathological mechanism for subsequent treatment.
The clinician can give appropriate clinical examination and
symptomatic treatment according to the type and location of
lesions that may occur. At the same time, the specific mechanism
of the lesion is also the key basis for the design of the treatment
of bone metastases.

Once bone metastases occur in malignant tumors, they often
present complicated symptoms, and the prognosis of patients is
often significantly worse. For example, bone metastasis is the
main cause of death in prostate cancer patients, and there is no
good treatment plan at present (32, 33). When bone metastases
occur in patients with DTC, the survival rate may be reduced by
more than 60% (34). Patients with bone metastases often
experience pain, spinal cord compression, pathological
fractures, and bone radiation; these symptoms are known as
skeletal-related events (SREs) (35, 36). SREs occurs in a large
number of patients with metastatic bone tumors, and brings
great difficulties to the treatment. For example, it has been
reported that 30-40% of patients with advanced lung cancer
develop bone metastases that lead to SREs, which causing
hypercalcemia, pathological fractures, spinal compression, and
bone pain, leading to a poor prognosis (14, 37). SREs associated
with bone metastases in prostate cancer have also been reported
(38). Although bone metastases of prostate cancer are mainly
osteoblasts, pathological fractures are still common (39). This
may be due to the fact that the mechanical properties and
structure of the diseased area are abnormal despite the “bone
formation”. Liu et al. mentioned in their study that more than
70-85% of patients with advanced prostate cancer develop bone
metastases, which are characterized by severe pain and an
increased possibility of fracture (8). Bone metastases with SREs
have been reported to induce lower survival rates (40). After
metastatic renal carcinoma metastases to the spine, pelvis and

]
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proximal femur, SREs such as pain, pathological fracture,
hypercalcemia and spinal cord compression may occur,
seriously affecting the quality and survival time of patients
(12). Particularly severe SREs include pathological fractures,
spinal cord compression and hypercalcemia requiring dialysis,
which can incapacitate the patient in a relatively short period of
time, and can quickly become life-threatening. In addition, due
to the comprehensive impact of SREs on patients with bone
metastases, the overall health of patients may deteriorate rapidly
in a short time, making it difficult for them to withstand
radiotherapy and chemotherapy with greater side effects.
Therefore, clinicians should detect, diagnose and treat patients
with bone metastases as early as possible, and take necessary
preventive measures for possible serious complications.
Laboratory and imaging tests such as X-ray, CT, MRI, bone
scans, and tumor markers should be considered and used if
necessary to achieve early and accurate diagnosis.

3 Advances in the pathogenesis of
bone metastases

At present, studies on the pathogenesis of bone metastases
are increasing, including the formation mechanism of bone
metastases and the pathogenesis of local bone destruction.
These scientific studies provide an important reference for
clarifying the pathophysiology and clinical treatment of
diseases. From the perspective of pathophysiology, bone
metastases are a comprehensive disease. Tumor cells,
osteoblasts/osteoclasts, immune cells and other components all
play an important role in the pathogenic process. The relevant
contents are shown in Figure 1. The pathogenesis and
development of bone metastases will be discussed from the
perspectives of tumor cells, osteoblasts/osteoclasts, immune
cells, cytokines and other possible aspects.

Osteoblast/osteoclast

Promote tumor immunosuppression

Immunosuppression

! caused by

@
A oo intercellular
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FIGURE 1
The role of different cell types in bone metastases.
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3.1 The role of tumor cells in the
pathogenesis of bone metastases

Metastatic tumor cells are one of the major players in bone
metastases. In essence, the occurrence of bone metastases is a
coordinated process in which malignant tumor cells leave the
primary site to spread to bone and survive in the bone
microenvironment (41). The metastases of malignant tumors
generally include tumor cells leaving the primary site, entering
the blood circulation and ectopic colonization. In particular, for
bone metastases, circulating tumor cells reside and become
dormant in the normal vascular of the bone marrow long
before clinically detectable metastases develop. Over time they
proliferate and regulate the function of bone resorption
(osteoclasts) and bone formation (osteoblasts) cells, leading to
the development of bone metastases (42). Tumor cells show a
tendency to metastasize more easily under certain conditions.
For example, the tumor has gene mutation, epithelial-
mesenchymal transformation, and metabolic changes. The
gene mutation of malignant tumor cells plays a key role in
bone metastasis. In a study by Huang et al. on the mechanism of
bone metastasis in lung cancer, 425 and 422 genomic alterations
were detected in primary and metastatic lesions respectively
(43). There were significant differences in tumor mutational
burden between primary lung adenocarcinoma and matched
bone metastases (43). This indicates that tumor mutational
burden may play a role in bone metastasis of lung cancer.
Arnold et al. mentioned in their study that the number of
somatic mutations in the site of bone metastasis was
statistically significantly higher than that in the site of primary
or soft tissue metastasis (44). Bartels et al. concluded through
their study that mutations in ESR1 are associated with estrogen
receptor expression as well as high proliferative activity, and
affect bone metastases in a part of estrogen receptor positive
breast cancers (45). However, the current researches on the
influence of gene mutation on the occurrence of bone metastases
are mostly reflected in the research level of epidemiological data
statistics, and there are few in-depth researches on the
mechanism. In the future, related research needs to be further
in-depth. In addition to some reported gene mutations,
epithelial mesenchymal transformation (EMT) in tumor cells
may also be an important factor promoting the occurrence of
bone metastases. EMT refers to the differentiation and
transformation process of epithelial cells into mesenchymal
cells, which is believed to be related to tumor progression
including tumor metastasis (46, 47). Several studies have been
published on the pathogenesis of the relationship between
epithelial mesenchymal transformation and bone metastases.
Liu et al. pointed out in their study that Notch3 was associated
with EMT and overexpressed in bone metastases of NSCLC, and
inhibition of Notch3 expression could reduce the invasion ability
of NSCLC cells in vitro (48). Epithelial mesenchymal
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transformation may also be associated with metastasis of
malignant tumors such as breast cancer and prostate cancer.
Horas et al. confirmed that the deficiency of vitamin D receptor
(VDR) in human breast cancer cells can promote can promote
EMT and the spread of cancer cells (49). In the study of the
pathogenesis of bone metastases, EMT is often mentioned (50,
51). Therefore, EMT can be used as a key breakthrough in future
research on the treatment of bone metastases. In addition,
metabolic changes of tumor cells are also considered to be a
key factor in the development of tumor metastasis (52). Studies
have shown that different tumor stem cells adapt to unique
metabolic characteristics for organ metastasis (53). Thysell et al.
analyzed the metabolism of bone metastasis in prostate cancer
and identified metabolites such as cholesterol that might be
associated with prostate cancer metastasis (54). In addition to
the mechanisms mentioned above, cancer stem cells (CSCs), a
new concept proposed in recent years, are also believed to be
closely related to bone metastasis of tumors (55). Based on
existing studies, we believe that in bone metastases of malignant
tumors, the tumor cells should usually be changed compared to
the primary site. Such changes may be at the genetic level, at the
metabolic level, or at the cellular phenotype level. However, the
specific changes of bone metastases in different malignancies
may be different, so specific studies are needed. At present, there
is still a relative lack of research on mutant genes or altered
metabolic functions. After the relevant epidemiological data are
revealed, more mechanism studies should be conducted to
identify the target of bone metastasis and design
corresponding interventions.

3.2 The role of osteoblasts/osteoclasts in
the pathogenesis of bone metastases

The role of osteoblasts/osteoclasts in bone metastases has
been studied for a long time, and many drugs are gradually being
completed in clinical trials. During the occurrence and
development of bone metastases, many pathological changes
are related to abnormal regulation of osteoblasts and osteoclasts.
Inhibition of osteoblasts and abnormal activation of osteoclasts
are often the key mechanisms of osteolytic metastases.
Osteoblasts and osteoclasts are the direct “executors” of bone
destruction in bone metastases, and their regulation may be
related to a variety of cells and factors, such as tumor cells,
immune cells and inflammatory factors (56-58). For osteoblasts
and osteoclasts themselves, Wnt/B-catenin pathway, RANK-
RANKL pathway and other pathways closely related to
osteogenesis/osteoclast process are the focus of research (59,
60). Wnt signaling pathway may play an important role in bone
metastasis of malignant tumors (61). The Wnt pathway and the
role of osteoblasts have attracted much attention since bone
metastases of prostate cancer are often manifested as osteoblastic
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lesions. Dai et al. showed in their study that prostate cancer can
promote osteoblast differentiation through classical and non-
classical Wnt signaling pathways and stimulate BMP-dependent
and BMP-independent osteoblast differentiation (62). However,
there are some different studies. Aufderklamm et al. have shown
that DKK-1, an inhibitor of the Wnt pathway, mediated
osteoblast inhibition contributes to prostate cancer progression
(63). The RANK/RANKL signaling pathway has also received
attention in bone metastases. This pathway mainly affects the
function of osteoclasts in the local microenvironment of bone
metastases. It has been suggested that the RANK/RANKL
signaling pathway is involved in the castration-insensitive
prostate cancer (64). SREs can be prevented with the RANKL
inhibitor Denosumab (65). Interestingly, RANKL connects bone
to the immune system, while RANK-RANKL is a regulator of
osteoclast development, lymph node development, bone
metabolism, and T cell/dendritic cell communication (66).
This suggests that the regulation of the RANK/RANKL
signaling pathway does not only affect osteoclasts. Not only
the above common pathways, but also the effects of other factors
on osteoblasts/osteoclasts have been extensively studied. For
example, osteoblasts may be negatively regulated by cancer
cells and appear apoptosis (67). The main mechanisms of
interaction and regulation of osteoblasts/osteoclasts with
tumor cells in osteolytic bone metastases are summarized in
Figure 2. In the future, some more detailed cell interactions on
osteoblasts/osteoclasts in bone metastases should be further
investigated, for example, the regulation of osteoblasts/
osteoclasts by exosomes produced by bone metastatic tumor
cells. RANK/RANKL and Wnt/B-catenin pathways are both
downstream signaling pathways. In bone metastatic cancer,
which signaling pathway changes may trigger the changes of
the above downstream pathways is a more valuable
research direction.

3.3 The reqgulatory role of cytokines
other key proteins (enzymes)

Different from cells, cytokines are a class of small molecules
that regulate cell function with a wide range of effects. Common
cytokines include interleukin(IL), tumor necrosis factor(TNF),
and so on (68). In the past few decades, cytokines and cytokine
receptors have been extensively studied as targets for cancer
treatment (69). In the pathogenesis of metastatic tumor,
cytokines may be secreted by tumor cells and immune cells,
and the target may include tumor cells, immune cells,
osteoblasts/osteoclasts, etc. There are many types of
interleukin, which is closely related to inflammation and
tumor growth, etc. At present, certain studies have been
conducted in bone metastases. Claudia et al. reported in their
review that IL-1B is important in the inflammatory process, and
influences the growth of bone metastases in breast cancer,
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FIGURE 2

Schematic diagram of the interaction between tumor cells and
osteoblasts/osteoclasts in osteolytic bone metastases. In
osteolytic lesions, tumor cells may secrete molecules such as
DKK-1 to inhibit osteoblast Wnt signaling pathway and promote
osteoclast function through RANK-RANKL signaling pathway.
Osteoclasts may secrete IGF-1 and other molecules to promote
tumor growth.DKK-1, Dickkopf-1; IFG-1, Insulin-like growth
factor 1; RANK, Receptor Activator of NF-kB.

including angiogenesis, etc. (10). IL-6 overexpression is also
associated with bone metastases (70). Interleukin is also
produced by osteoclasts to regulate tumor cells. The study of
He et al. showed that lung cancer cells induced osteoclasts to
secrete IL-19 to act on IL20RB on the surface of lung cancer cells,
thus promoting the proliferation and bone metastasis of lung
cancer cells (71). Tumor necrosis factor also plays an important
role in the development of bone metastases. Hamaguchi et al.
found that inhibition of TNF-o. has a novel role in reducing or
preventing bone metastasis in breast cancer models (72).
Interferon has been less studied in bone metastases.
Chemokines are a class of cytokines secreted by cells, which
can induce the directed migration of nearby cells (73).
Chemokines play an important role in metastatic tumors
because they have an important effect on cell migration,
colonization and other processes. Chemokine/chemokine
receptor CXCL12/CXCR4 pathway and CCR3/CCL7 pathway
can be used as mediators in the process of bone metastasis and
may affect the colonization of tumor cells in bone (74, 75).
According to current studies, the interleukin family and
chemokine family related pathways may be relatively
important in the influence of bone metastases. The design of
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relevant targeted drugs for these two pathways may be an
important idea to delay the progression of bone metastases or
prevent the appearance of bone metastases.

In addition to common cytokines some enzymes can also
promote the disease progression of bone metastases by
influencing immunity and bone formation. Matrix
metalloproteinases (MMPs) is a type of enzyme containing
zinc, which can decompose extracellular matrix (76). Since
MMPs is closely related to the synthesis of bone matrix and
the regulation of osteoblasts/osteoclasts, it is believed that MMPs
may promote the onset of bone metastases. Pego et al.
mentioned in their review that MMPs, especially MMP-9,
played an important role in bone metastasis of prostate cancer
(77). MMP-9 is also significant in the occurrence and
development of other bone metastases, such as breast cancer
bone metastases, and may be a therapeutic target for bone
metastases (78). In addition, MMPs such as MMP-13 also play
arole in promoting bone metastasis of malignant tumors (79). In
addition to MMPs, the role of Cyclooxygenase-2 (COX-2) in
bone metastases is also attracting increasing attention. COX-2 is
a key rate-limiting enzyme in the synthesis of prostaglandin E2
(PGE2), which is closely related to inflammation, tumor growth,
angiogenesis and other aspects (80). Studies have shown that
COX-2 can increase the proportion of osteoclast and is one of
the key genes in breast cancer bone metastasis (81). Karavitis et
al. mentioned that COX-2 and PGE2 can regulate bone
metastasis by influencing immunity (82). In addition, enzymes
such as Indoleamine 2, 3-dioxygenase 1 (IDO1) have also been
found to be associated with bone metastases (83). In the future,
more enzymes with the potential function of promoting tumor
bone metastasis can be identified through RNA sequencing and
proteomics. As a special catalyst, enzymes often correspond to
certain characteristics of substrates and products, as well as
related chemical reactions, which may provide conditions for
targeted therapy of bone metastases.

3.4 The role of immune cells in the
pathogenesis of bone metastases

The immune cells in the body include specific immune cells
and non-specific immune cells. The specific immune cells
include T cells, B cells and so on, and their mechanism of
action is often highly specific. Non-specific immune cells include
monocytes/macrophages, dendritic cells, etc., which usually
exhibit low specificity and are responsible for assisting specific
immune cells in some cases. In cancer patients, it is generally
believed that local immunity plays a potential role in promoting
the occurrence, development and metastasis of tumors. The
relevant immune cells may “migrate” to the tumor tissue and
“protect” it instead. Interestingly, bone is actually an important
immune organ in the body, because bone marrow is an
important site of white blood cell production (84). So there
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has to be a special environment for immune activation to be
suppressed. The relationship between bone marrow and
metastatic tumors began to be studied earlier, and many cells
were found to be related to immunosuppression, such as
myeloid-derived suppressor cells (MDSCs) and Mesenchymal
stem cells (MSCs) (85, 86). However, the mechanisms related to
immune microenvironment are. For example, regarding the Irf7
pathway, existing studies have shown that its role in bone
metastasis of breast cancer and prostate cancer seems to be
suppressive (87, 88). The immunosuppressive mechanism of
bone metastases with different primary lesions should be studied
independently. Regulatory T cells (Tregs) play an important role
in specific immunity (89). CD4+CD25+ Tregs are an important
group of T cells in bone marrow and may be highly related to
immunosuppression (90). The study of Tan et al. indicated that
the RANKL-RANK pathway may affect the content of Tregs,
thus affecting local immunity (91). Tregs can secrete anti-
inflammatory cytokines such as IL-10, TGF-B and IL-35, and
act on such as CD8+T cells to achieve immune suppression (92,
93). These related cytokines may play a key role in circulating
tumor cell dormancy in bone metastases or in tumor cell
proliferation in metastatic sites. CD8+T cells are also regulated
by immature myeloid cells and osteoblasts (94). In non-specific
immunity, macrophages, especially tumor-associated
macrophages(TAMs), have a great influence on the
pathogenesis of metastatic tumors (95). The role of
macrophages is diverse, and under different circumstances
they will polarize into different subtypes, mainly including M1
type and M2 type (96). Their main effects on tumor cells are
almost opposite, with M1-type macrophages often showing
killing effect on tumor, while M2-type macrophages often
showing promoting effect on tumor (97). TAMs in malignant
tumor usually exhibit an M2-like appearance (98). Macrophages
are often regulated by cytokines and other factors, which may
promote the occurrence of bone metastases (99). According to
the results of current studies, the representative role of different
types of immune cells in bone metastases is shown in Figure 3. In
future studies, we believe that in terms of the immune regulation
of bone metastases, how to correctly find the immune cells that
promote tumor bone metastases and make them defunction,
apoptosis or transform into normal immune cells is the key to
the research.

3.5 Other mechanisms related to the
pathogenesis of bone metastases

It can be seen from the above description that the
pathogenesis of bone metastases is very complex. As the main
function of bone metastases, different types of cells are widely
affected by immune, metabolic and tumor microenvironments.
In recent years, the role of some connective tissue cells in bone
metastases, such as fibroblasts and endothelial cells, in bone
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metastases has received increasing attention. Similar to
macrophages, fibroblasts in malignant tumor tissues are
known as cancer-associated fibroblasts (CAFs) and they often
show potential tumor-promoting effects (100). CAFs may
promote tumor metastasis (101). Li et al. mentioned in their
study that CAFs played a key role in bone metastasis of breast
cancer cells by influencing tumor microenvironment and other
aspects (102). Mukaida et al. fully described the possible effects
of CAFs on tumor bone metastasis, including the function of
tumor cells and immune cells through the secretion of cytokines
by CAFs (103). The relevant content is illustrated in Figure 4. In
addition to CAFs, the role of endothelial cells in metastases has
also been emphasized. Zhang et al. indicated that bone-derived
endothelial cells (BDECs) may be involved in pathologic bone
lysis in the pathogenesis of bone metastases (104). Wang et al.
proposed that tumor cell-vertebral bone marrow endothelial cell
interactions promote spinal metastasis in NSCLC (105). In fact,
whether in the primary lesion of malignant tumor or the
metastasis of bone metastases, tumor cells are only part of the
tumor, and the influence of non-tumor cells on the occurrence
and development of bone metastases should be paid more
attention. Regulation of these cells may have a positive
significance in reducing the incidence of bone metastases,
delaying the occurrence time of bone metastases, and
alleviating the symptoms of bone metastases.

Immature myeloid cell Regulatory T cell Myeloid-derived
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FIGURE 3

Typical mechanisms of action of key specific and non-specific
immune cells in bone metastases. The red lines represent
inhibitory effects.
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4 Clinical treatment prospects of
bone metastases

With the deepening of the research on the pathogenesis of
bone metastases, clinicians’ understanding of bone metastases is
also constantly innovating. In the past, the general consensus
reached in clinical practice was that the occurrence of bone
metastases in malignant tumors meant that the survival time of
patients was shorter, and the treatment should be mainly
palliative therapy such as analgesia rather than surgery.
However, with the development of scientific progress and
clinical research, clinicians gradually found the positive
significance of various surgical procedures, especially when
there was only a single bone metastasis. With the further study
of pathogenesis, some therapies targeting specific cell types are
being developed, including advanced nanotechnology therapy.
Based on the above scientific research basis, we introduce a series
of cutting-edge clinical treatment viewpoints of bone metastases
and emerging treatment methods under development.

4.1 Progress and prospect of surgical
treatment and chemotherapy

The surgical treatment of bone metastases has been paid
more attention due to the progress of epidemiological research.
In recent years, more emphasis has been placed on the surgical
treatment of bone metastases. Surgical treatment of bone
metastases often includes pain relief, quality of life
improvement and SREs treatment, and may also be used as a
means to create conditions for radiotherapy. Because of the
complex local pathology, excision may have some positive
significance. However, it is important to note that not all
patients are candidates for surgery. Whether or not a patient
should be treated surgically depends on a number of factors,
including systemic conditions, primary tumor status, number
and location of metastases, expected survival time, and financial
status of the patient. Prior to surgical treatment of bone
metastases, it is important to conduct examinations. Some
patient-specific scores are important in assessing whether a
patient with bone metastases is ready for surgery. For example,
for patients with spinal metastases, the Tokuhashi score is a
commonly used method to determine whether a patient should
be operated on (106). At the same time, the New England Spinal
Metastasis Score (NESMS) score had relatively good clinical
accuracy in predicting complications after spinal metastasis
surgery (107). For patients with limb metastases, Katagiri score
might be important references (108, 109). With the development
of treatment methods, the surgical methods of spinal metastasis
and limb metastasis are gradually diversified. Both open surgery
and minimally invasive surgery are used in bone metastases
(Table 2), and their adaptations have been recognized based on
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The role of CAFs in the pathogenesis of bone metastases. The
purple arrow represents an influence. EMT, epithelial-
mesenchymal transition; PGE2, prostaglandin E2; EVs,
extracellular vesicles; HGF, hepatocyte growth factor; VEGF,
vascular endothelial growth factor.

epidemiological studies (115). In particular, the development of
new techniques has led to advances in bone metastases surgery.
For example, the application of 3D printing technology in joint
prostheses enables patients to achieve better motor function and
improve the quality of life of patients (116). However, it should
be noted that there are potential complications, including
intraoperative and postoperative complications, such as spinal
cord and vascular injury, failure of internal fixation, local tumor
recurrence and so on, no matter what kind of surgery. Bone
metastatic tumor surgery has been used as an important
treatment method for many patients, but it is different from
general orthopaedic trauma surgery, orthopaedic joint surgery
and other conventional operations, it is often difficult to operate,
high risk, and so far there is a lack of appropriate procedure
standards. Therefore, surgery for bone metastases needs to be
conducted by an experienced orthopaedic surgeon who carefully
evaluates each patient and follows the principle of
“personalization.” More epidemiological studies should be
carried out.

10.3389/fonc.2022.1105745

The deepening of scientific research also has a certain impact
on the concept of chemotherapy for bone metastases. Surgical
treatment of bone metastases usually has limited effects. As
mentioned earlier, circulating tumor cells may metastasize
before they are detected. Subsequently, these circulating tumor
cells may form micrometastases, which are the main cause of
tumor recurrence and a major factor affecting survival.
Therefore, it is necessary to supplement the corresponding
medical treatment. The specific chemotherapy regimen for
different bone metastases is different, which is related to the
pathological type of the primary lesion.

4.2 Targeted therapy—more advanced
and promising systemic therapy for bone
metastases

With the progress of research on the pathogenesis of bone
metastases and primary bone tumors, the concept of “precision
therapy” has been gradually formed. Some malignancies may be
hormone-related, so some hormone-targeted therapies have
been developed, such as Tamoxifen (estrogen inhibitor),
Darolutamide (androgen receptor inhibitor), etc. (117, 118) A
more widely known type of targeted therapy is targeting specific
proteins or signaling pathways, such as Bevacizumab (VEGF
inhibitor) (119), Trastuzumab (HER2 inhibitor) (120), Imatinib
(tyrosine kinase inhibitor) (121), Olaparib (PARP inhibitor)

1! also act as

(122), etc. Other organ-specific drugs such as
targeted therapies (123). The basic principle of tumor targeted
therapy is to design drugs or antibodies for molecules that may
be abnormally expressed or have abnormal functions in certain
malignant tumors according to epidemiological and
pathogenesis studies, so as to interfere with tumor growth and
promote tumor killing. Targeted therapy drugs usually cause less
damage to normal human tissue than conventional
chemotherapy drugs. The combination of targeted therapy
with conventional chemotherapy often produces better effects
(124). Now, targeted therapy is starting to be used in bone
metastases. Tokito et al. showed that bevacizumab may enhance
the antitumor activity of chemotherapy against bone metastases
and reduce the incidence of SREs (125). A HER2-overexpressed
Salivary carcinoma reported by Bergamini et al. developed bone

TABLE 2 Comparison of characteristics of minimally invasive surgery and traditional open surgery.

Minimally invasive surgery

Traditional open surgery

Type PVP/PKP (110, 111), RFA (112)

Complication Relatively rare
Blood loss and transfusion rate

Hospital stays Short
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Total vertebrae excision, separation surgery (113, 114)
More common, such as wound infection
Often associated with greater blood loss and higher transfusion rate

Long
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metastases and the treatment plan included trastuzumab (126).
It is worth noting that bone-targeting drugs are more widely
used in bone metastases. In patients with bone metastases,
targeted drugs targeting the primary tumor are often used as a
means of comprehensive therapy. In addition to targeting the
primary tumor, the more commonly used targeted therapy for
bone metastases is “bone-modulatory drugs” for bone lesions,
which can be regarded as a type of bone targeting. As mentioned
in the previous part, osteoclasts and osteoblasts play an
important role in the occurrence of bone metastases. Although
the therapeutic effect on tumor is limited, bone targeting drugs
can regulate osteoblasts/osteoclasts to inhibit bone destruction
and delay the occurrence of SREs, which will greatly improve the
quality of life of patients. Some commonly used bone-targeting
drugs such as bisphosphonates (BPs) can promote osteoclast
apoptosis (127). Denosumab inhibits osteoclast differentiation
and activity as a RANK/RANKL inhibitor to delay bone
metastasis (128). Some common bone-regulating drugs that
inhibit bone destruction in bone metastases are shown in
Table 3. The positive effect of bone-targeting drugs in bone
metastases confirms the necessary for their use in patients.
However, in practice, targeted drugs are not targeted to
tumor cells, which may limit the efficiency of their application to
some extent. In recent years, combined with published
pathogenesis and clinical studies, more targeted therapies are
being developed. Among them, nanotechnology as an emerging
means of targeted therapy has attracted wide attention.
Nanomaterials can be targeted by a variety of relevant

10.3389/fonc.2022.1105745

chemical modifications, and properly designed nanomaterials
often show high safety and degradability (139). It is a common
idea to combine nanotechnology with traditional bone targeting
drugs to prepare nanoparticles for the treatment of bone
metastases. For example, He et al. have designed a
nanoparticle DSP-Zn@PEG-ALN targeted to focal bone via
the alendronate molecule, which has great potential for
improving the efficacy of chemotherapy for bone metastatic
breast cancer (140). Qiao et al. highlighted the importance of
therapeutic nanomedicine and osteocyte-targeted therapy in the
treatment of early bone metastases (141). More representative
studies related to nanomaterials with bone targeting drugs for
the treatment of bone metastases are presented in Table 4. Also,
Tamura et al. mentioned in their review that extracellular
vesicles may play an important role in tumor bone metastasis,
especially in influencing the local tumor microenvironment
(148). Ge et al. designed a multifunctional scaffold called
CePO4/CS/GO scaffold that promotes bone formation while
killing tumors for the treatment of breast cancer with bone
metastases (149). These studies are closely related to the
pathogenesis of bone metastases. The relevant signaling
pathways here have been mentioned in related pathogenesis
studies. In future studies, targeting immune cells, osteoblasts or
other stromal cells may be an important direction for the
innovation of targeted therapy for bone metastases. Until now,
the main methods to target nanomaterials to cells have been
through specific ligands on the cell surface, through essential
substances for cell metabolism, or through the preparation of

TABLE 3 Common types of bone regulatory drugs, representative drugs, related mechanisms and typical applications.

Representative I
Drug class drl? Mechanism of action Partial relevant BM treatment relevant
9 reference
Alendronate, o . . :
Inhibits osteoclast activity and promotes osteoclast Pain control/delayed occurrence of SREs in
BP Zoledronate, apoptosis cancer patients with bone metastasis (125-131)
Risedronate PP P
RANK-L Inhibits osteoclast differentiati d activity b
Denosumab 'n 1 l s osteocast differentiation and activity by To reduce the skeletal complications of cancer (132, 133)
mADb inhibiting the RANK-RANKL pathway
mTOR Everolimus Inhibition of osteoclast differentiation and activation; Everolimus plays a bone-protective role in bone (134)
Vi it
inhibitor Promotion of osteoclast apoptosis metastasis of breast cancer
Proteasome Bortezomib, Inhibits osteoclast formation and promotes osteoblast -
. . . L. Improves bone destruction in breast cancer (135)
inhibitor Carfilzomib differentiation
CYP17 . Inhibits the generation and activity of osteoclasts and | Combined with other BRIs for the treatment of
o Abiraterone i . (136)
inhibitor promotes the differentiation of osteoblasts bone metastases from prostate cancer
Tyrosine s .
X . TKT; Inhibition of VEGF/VEGFR pathway; Bone metastasis of advanced renal cell
kinase Cabozantinib i . i (137)
. Regulation of osteoblast activity carcinoma
inhibitor
ET-1 . . .
. Bosentan Regulation of angiogenesis, etc. - (138)
antagonist
DKK-1
- - Promote Wnt pathway and osteoblast differentiation - -
inhibitor
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TABLE 4 Representative studies related to nanomaterials with bone targeting drugs for the treatment of bone metastases.

Components of bone

The main components of

Loaded components with thera-

Related disease/

: . . Reference
targeting nanomaterials peutic effects models
X i Breast cancer bone

Alendronate PLGA Curcumin and bortezomib K (142)
metastasis
Breast cancer bone

Alendronate Liposome Doxorubicin . (143)
metastasis
Breast b

Zoledronic acid Au@mesoporous silica nanoparticles Gold nanorods and zoledronic acid reas ca'ncer one (144)
metastasis

cRGD Complex Bortezomib Bone metastasis (145)

. . . Prostate cancer bone

RNA aptamer targeting PSMA | Atelocollagen miR-15a and miR-16-1 . (146)
metastasis

Aléndronate and hyaluronic Complex Doxorubicin Breast ca'ncer bone (147)

acid metastasis

biomimetic nanoparticles (nanoparticles coated with natural cell
membranes, etc.). These methods can be used as reference for
the design of nanomaterials for the treatment of bone
metastases. The development of new targeted therapies must
be strictly dependent on the pathogenesis of bone metastases.
Therefore, the development of clinical diagnosis and treatment
and the study of pathogenesis are complementary.

5 Summary and scope

In summary, we summarized the development status of bone
metastases from the aspects of epidemiology, clinical features,
pathogenesis and clinical practice. So far, compared with kinds
of primary tumors, there are still relatively few researches on
bone metastases either in pathogenesis or clinical trials. As the
most common malignant tumor of bone, bone metastases
should receive more attention in the future. In the future,
research on the pathogenesis of bone metastases should focus
on the cellular level interaction mechanism. The establishment
of animal models of bone metastases is also a very important
direction, because successful animal model preparation is the
basis of in vivo experiments. There should be more studies and
reviews on the establishment of in vivo models of bone
metastases, such as Peng et al. ‘s review of in vivo
experimental design for intervertebral disc disease (150).
Clinical research requires researchers to develop a wide range
of new drugs. Nanomaterials are an emerging approach to
targeted therapy because they can be multi-functional through
modified design. However, its development must rely on the
study of pathogenesis, including the discovery of new and
effective local targets, how to kill tumors while promoting
osteogenesis and tissue recovery, etc. In the future, the
comprehensive treatments of bone metastases need to be
further improved. The clinician should ensure that the patient
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has the best quality of life while fully considering the patient’s
survival, disease status, and financial status.
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Surgical management and
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of malignant adrenal tumor:
A retrospective study of six
cases and literature review

Xiangzhi Ni', Jing Wang™, Jiashi Cao?', Kun Zhang",

Shuming Hou?, Xing Huang®, Yuanjin Song?®, Xin Gao™,

Jianru Xiao™ and Tielong Liu™*

‘Department of Orthopaedic Oncology, Changzheng Hospital of the Navy Medical University,
Shanghai, China, 2Department of Orthopedics, No. 455 Hospital of Chinese People’s Liberation Army,

The Navy Medical University, Shanghai, China, *Department of Orthopaedics, The 80th Group Army
Hospital, Weifang, Shandong, China

Purpose: Spinal metastasis of malignant adrenal tumor (SMMAT) is an extremely
rare and poorly understood malignant tumor originating from the adrenal gland.
The objective of this study is to elucidate the clinical characteristics and discuss
surgical management and outcomes of SMMAT.

Methods: Included in this study were six SMMAT patients who received surgical
treatment in our center between February 2013 and May 2022. Their clinical data
and outcomes were retrospectively analyzed to gain a better understanding of
SMMAT. In addition, ten cases from the literature focusing on SMMAT were also
reviewed.

Results: Surgery was performed successfully, and the associated symptoms were
relieved significantly in all patients postoperatively. The mean follow-up duration
was 26.2 (range 3-55) months. Two patients died of tumor recurrence 12 and 48
months after operation respectively. The other four patients were alive at the
last follow-up.

Conclusions: The prognosis of SMMAT is usually poor. Preoperative embolization
and early surgical radical resection can offer satisfactory clinical outcomes. The
patient’s health status, preoperative neurological function, tumor location and the
resection mode are potential prognostic factors of SMMAT.

KEYWORDS

adrenal tumor, spinal metastasis, adrenocortical carcinoma, malignant phaeochromocytoma,
surgery, adjuvant therapy
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Introduction

Adrenal tumor is a common disease seriously threatening people’s
health, with the prevalence ranging from 1.0% to 8.7% with a mean of
about 2% (1, 2). About 1-12% patients with adrenal tumors are
diagnosed with malignancy, mainly including adrenocortical
carcinoma (ACC) from the adrenal cortex and malignant
phaeochromocytoma (MP) from the adrenal medulla (3, 4).

Bone metastasis is an uncommon occurrence in adrenal tumor
patients but may cause poor survival prognosis. Bone metastasis
accounts for about 7% in ACC patients, portending a limited
survival perspective (median, 11 months) and the 5-year survival
rate of MP patients is only about 40% (5-7). Especially, spinal
metastasis can cause severe pain, spinal cord compression and
pathological fracture, leading to poor quality of life and reduced
survival (5-8).

The presence of spinal metastasis symbolizes the advanced stage
of the disease in most cases. Patients in this stage are usually
considered incurable and can only receive supportive care. In recent
years, the important role of surgery in the treatment of spinal
metastatic tumors has gradually been recognized and widely
accepted (9). However, due to the rarity of spinal metastasis of
malignant adrenal tumor (SMMAT) with only a few sporadic cases
reported (10-15), the role and prognostic outcome of surgery for
SMMAT are poorly understood. In this study, we reviewed six
consecutive patients with SMMAT to present our empirical
understanding about the clinical characteristics, surgical treatment,
potential contributing factors for spinal metastasis, as well as
prognostic factors affecting spinal overall survival of patients with
this intractable malignant tumor.

Materials and methods

This retrospective study included six patients who were
pathologically confirmed as having SMMAT and received surgical
treatment in our institution between February 2013 and May 2022.
Hospitalization records, progress notes, surgical information,
radiological presentations and pathological reports of all patients
were all collected and recorded for analysis. Follow-up observation
ended at the date of patient death or in May 2022. Informed consent
was obtained from all participating patients before initiation of the
study. The study procedures were conducted according to the
principles of the Declaration of Helsinki and approved by the ethics
committee of Changzheng Hospital (Shanghai, China).

All patients underwent X-ray, CT and MRI scans of the spine after
admission. Positron emission tomography-computed tomography
(PET-CT) was performed to detect possible metastatic sites.
Tumors were further classified according to the Enneking staging
system for all patients and Weinstein-BorianiBiagini (WBB)
classification system for mobile spine based on radiological
findings. Frankel grade and Eastern Cooperative Oncology Group
performance score (ECOG-PS) were used to evaluate the neurological
status and performance status, respectively. All patients had a history
of adrenal tumor, and the diagnosis of metastatic adrenal tumor was
confirmed by imageology. Although we emphasized the significance
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of percutaneous needle biopsy, some patients with serious
neurological symptoms refused to have a needle biopsy for fear of
aggravation of the existing condition.

Surgery was performed in all six patients successfully.
Individualized adjuvant therapy was designed and implemented in
each patient. X-ray and/or MRI examination was performed during
the follow-up period. The last status of the patients was obtained
through telephone interviews.

Studies related to SMMAT were searched by using PubMed as the
searching engine, and 10 case reports were selected. Data from our
own patients and those from literature research were compared
and analyzed.

Results
Epidemiology and clinical presentation

The clinical data of the six patients in our series are listed in
Table 1. They included of four men and two women, ranging in age
from 13 to 71 years at diagnosis, with a mean of 42.2 years and a
median of 41 years. The most common symptoms were radiating
pain and movement disorder. Of them, two patients presented
with paraplegia, and the remaining four patients had varying
degrees of pain and decreased muscle strength. Four patients with
pheochromocytoma had uncontrolled hypertension. The mean time
from adrenal tumor resection to diagnosis of spinal metastasis was
77.5 (rang 9-216) months. The mean duration of the symptoms was
3.3 (range 1-12) months. The adrenal tumors (two cases of ACC and
four cases of MP) in these patients were mainly located in the lumbar
vertebrae in three cases, the thoracic vertebrae in two cases, and the
sacral vertebra in one case. The Frankel scores are as follows: Grade B,
Grade C and D each were documented in two patients.

Imaging assessment

All patients underwent MRI and CT scans. Imageologically,
SMMAT presented low signals on T1-weighted imaging and
moderate signal on T2-weighted imaging on MR imaging, and on
CT imaging, the diseased vertebral body presented osteolytic changes
with obvious enhancement at the edge of the lesion.

Treatment

The treatment process of all patients was implemented in a multi-
disciplinary team (MDT) mode. The surgical indications are as follows:
1) patients with a life expectancy of more than 3 months; and 2) patients
with intractable pain, spinal cord compression, and impending
pathological fractures. All surgical procedures were performed by the
same surgical team. The whole operation process comprised tumor
excision, decompression of the spinal cord, reconstruction, and
stabilization of the spine via a posterior approach. The surgical
modality included total en-bloc resection in one patient (Case 6),
subtotal resection in one patient (Case2), and total piecemeal resection
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TABLE 1 Clinical data of patients with SMMAT.
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SMMAT, spinal metastasis of malignant adrenal tumor; DOS, duration of symptom; WBB, Weinstein-BorianiBiagini; F-S pre, preoperative Frankel scores; ECOG pre, preoperative Eastern Cooperative Oncology Group; F-S post, postoperative Frankel scores; LR/meta, local

recurrence/metastasis; M, male; F, female; ACC, adrenocortical cancer; MP, malignant pheochromocytoma; TER, Total en-bloc resection; TPR, Total piecemeal resection; SR, Subtotal resection; SM, systemic metastasis.
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in the other four patients. The vertebral defects were repaired by the
titanium filled with the bone allograft in Case 3, and the titanium filled
with the bone cement in Case 5. Vertebral bone cement fixation was
applied in Case 1 and 2. Pedicle screws were applied in Case 4 and Case 6
(Figure 1). Intraoperative blood loss ranged from 500 to 4000 (mean
2050) ml. The mean duration of surgery was 312.5 (range: 200-490) min.
All patients recovered well without significant surgical complications
except one patient (Case 4) who developed infection, which was cured
after antibiotic therapy. Pain was relieved and muscle strength was
improved postoperatively in all patients. After multidisciplinary
evaluation, individualized treatment plans were performed in each
patient. Four patients (Case 1, 2, 5 and 6) received adjuvant
radiotherapy, and the other two patients refused adjuvant radiotherapy
for financial reasons.

Follow-up observation

The mean follow-up duration was 26.2 (range: 3-55) months.
Pain and numbness of the lower limbs were significantly relieved in all
patients after operation. Two patients (Case 3 and 6) who were unable
to ambulate (Frankel grade B) preoperatively became ambulatory
postoperatively. Three patients (Case 2, 3 and 5) experienced systemic
tumor recurrence. Two patients (Case 2 and 5) died at the last follow-
up of 12 and 48 months after operation, respectively. The others were
still alive at the last follow-up. The result of survival curve for all 6
patients are shown in Figure 2. The median survival of the six patients
was 48 months.

Cases illustration

Case 1l

A 29-year-old woman presented with decreased muscle strength
in the right leg in February 2022. Imaging demonstrated lesions in L1
(Figure 3). The patient’s preoperative Frankle score was D. An
operation was subsequently performed to prevent further
deterioration of the disease. Postoperative pathology confirmed
adrenocortical carcinoma. The patient’s postoperative Frankle score
was D. Patients received radiotherapy in other hospitals after surgery.
The patient underwent adrenal tumor resection at local hospital
in 2012.

Case 2

A 71-year-old woman presented with low-back pain in November
2018. Imaging demonstrated lesions in L1-L2 (Supplementary
Figure 1). The patient’s preoperative Frankle score was D.
Postoperative pathology confirmed adrenocortical carcinoma. The
patient’s postoperative Frankle score was D. Patients received
radiotherapy in other hospitals after surgery. And the patient
underwent adrenal tumor resection at local hospital in February 2012.

Case 3

A 13-year-old boy received pheochromocytoma resection in 2017. The
patient came to our hospital for lower limb mobility disorder in September
2019. Imaging demonstrated lesions in T3 (Supplementary Figure 2).
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FIGURE 1

(A-C) Preoperative sagittal, coronal, and transverse MRI images of S1-2 vertebral body tumors; (D—F) Preoperative transverse and sagittal 3D CT images
of S1-2 vertebral body tumors; (G, H) He had a history of adrenal tumor (4 points). Visceral metastases were not detectable (0 point). Bone metastases
were isolated (1 point). His total prognostic score was 5 points. So, we chose the surgical strategy of total piecemeal resection. The tumor was excised
by total piecemeal resection, pedicle screws, iliac screws and titanium rods were used to reconstruct the stability; (I) Hematoxylin-eosin (H&E) staining of
pheochromocytoma; (J) Immunohistochemical staining for NSE; (K, L) Postoperative X-ray; (M—0O) Postoperative sagittal, transverse, and coronal MRI.

Thepatient’s preoperative Frankle score was B. Postoperative pathology
confirmed pheochromocytoma. The patient’s postoperative Frankle score
was E. And he didn’t receive other adjunctive therapy.

Case 4

A 58-year-old man received pheochromocytoma resection in
2015. He came to hospital for sacrococcygeal pain. Imaging
demonstrated lesions in S1-S2 (Figure 1). The patient’s preoperative
Frankle score was C. Postoperative pathology confirmed
pheochromocytoma. And pain was significantly relieved after
operation. The patient’s postoperative Frankle score was E. He
didn’t receive other adjunctive therapy.

Case 5

A 40-year-old man received pheochromocytoma resection in
1995. He came to our hospital for lower limb mobility disorder in
February 2013. Imaging demonstrated lesions in T3. The patient’s
preoperative Frankle score was C. Postoperative pathology confirmed

pheochromocytoma. The patient’s postoperative Frankle score was D.
He received radiotherapy in other hospitals after surgery.

Case 6

A 42-year-old man received pheochromocytoma resection in 2002.
He was diagnosed with spinal metastasis of malignant adrenal tumor in
2008 and underwent surgical resection. He came to our hospital for lower
limb mobility disorder in September 2021. Imaging demonstrated lesions
in L1-L2 (Supplementary Figure 3). The patient’s preoperative Frankle
score was B. The patient’s postoperative Frankle score was E. He received
radiotherapy in other hospitals after surgery.

Discussion
Clinical features

Spinal metastasis of malignant adrenal tumor is a malignant
tumor originating from the adrenal gland. As reported in many

Survival curve for all 6 patients
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FIGURE 2

Survival curve for all 6 patients. The median survival of the six patients was 48 months.
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FIGURE 3

(A—C) Preoperative sagittal, coronal, and transverse MRI images of L1 vertebral body tumors; (D, E) Preoperative transverse CT scan showed L1 vertebral
body tumors; (F) H&E staining of adrenocortical carcinoma; (G-=I) Immunohistochemical stainings for Inhibin a, SF-1and Syn; (J) She had a history of
adrenal tumor (4 points). Visceral metastases were not detectable (0 point). Bone metastases were isolated (1 point). Her total prognostic score was 5 points
So, we chose the surgical strategy of total piecemeal resection. The tumor was excised by total piecemeal resection, pedicle screws, titanium mesh and
titanium rods were used to reconstruct the stability; (K, L) Postoperative X-ray; (M—0) Postoperative sagittal, transverse, and coronal MRI.

studies (6, 7, 16), SMMAT has a man predominance, mainly affecting
individuals aged 40-60 years. ACC bone metastasis has a woman
predominance with a female to male ratio of 2:1, whereas MP bone
metastasis has a male predominance. The overall ratio of SMMAT is
roughly the same. As ACC spinal metastasis is much rarer than MP
spinal metastasis, the number of cases and reports is variable. Similar
results were obtained in our center, with a man age of 42.2 years and a
male to female ratio of 4:2. Most metastases of malignant adrenal
tumors are more likely to occur in the thoracic vertebrae, probably
due to the proximity of the adrenal gland to the thoracic vertebrae (7,
17). Due to the extremely low incidence of SMMAT, there is a lack of
alertness and understanding of the disease. It is our hope that our
experience, together with the patients reported in the literature, could
help better understand the clinical characteristics, diagnosis and
treatment of the disease.

There are no data available on the specific time from adrenal
tumor resection to spinal metastasis. In our center, the mean time
from adrenal tumor resection to diagnosis of spinal metastasis is 77.5
(range: 9-216) months. As the time span from adrenal tumor
resection to spinal metastasis is wide and varied, it is still necessary
to be alert to the occurrence of bone metastasis after adrenal tumor
resection, especially spinal metastasis.

The diagnosis of patients with SMMAT represents one of the
most complex and difficult problems facing clinicians. The diagnosis
is usually based on pathology. In most cases of SMMAT, the clinical
symptoms are caused by spinal cord compression characterized by
radiating pain and varying degrees of decline in muscle strength (18,
19). Notably, two of our four MP patients with MP developed
hypertension, which did not seem to be well responsive to
conventional antihypertensive drug treatment. Like other spinal
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metastases, SMMAT is not radiographically specific (20, 21). In
our case series, SMMAT presented low signals on T1-weighted
imaging and moderate signals on T2-weighted MRI. On CT
imaging, the diseased vertebral body showed osteolytic changes,
with obvious enhancement in the edge of the lesion. All the patients
in our series had a history of adrenal tumor resection. Therefore, the
diagnosis of SMMAT should be considered in patients with spinal
tumors who have a history of adrenal tumor resection. We
recommend needle biopsy for such patients to confirm the
diagnosis. Although we emphasize the importance of
percutaneous needle biopsy, patients with severe neurological
symptoms caused by spinal cord compression often refused to
receive needle biopsy for fear of causing dissemination of cancer
cells or delaying treatment.

In our center, the time from symptom onset to various degrees of
muscle loss and paraplegia averaged 3.3 months for SMMAT.
Compared with the 3.8-month duration of symptoms in liver
cancer spinal metastasis (22), and the 4.4-month duration in clear
cell renal cell carcinoma (ccRCC) (23), the progression of SMMAT
seems more rapid and the degree of malignancy is relatively higher.
Therefore, SMMAT is more likely to cause spinal cord compression
leading to paralysis. Meanwhile, surgery for spinal metastasis is
gaining acceptance, which is an effective treatment for spinal
metastasis (9). In our center, all patients achieved different degrees
of neurological function improvement and better mobility after
surgery. Notably, thanks to rapid and timely surgical treatment, two
patients (Cases 3 and 6) in our series recovered from being unable to
ambulate (Frankel grade B) before operation to being able to
ambulate after operation. We advocate giving patients surgery as
early as possible if they are well prepared.
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Surgical strategies

In recent years, the understanding of surgery for spinal metastasis
has changed. It is generally accepted that surgery could be considered
when a patient has a life expectancy of more than 3 months (24).
More recent evidence has shown that MDT can undoubtedly bring
about better outcomes as compared with radiotherapy or
chemotherapy alone, as represented by the improved quality of life
after surgery (25, 26). Indications for surgery include intractable pain,
spinal cord compression, and the need for stabilization of impending
pathological fractures (27). The six patients in our series had definite
spinal cord compression by imaging analysis and cancer pain that was
difficult to be controlled by drugs. However, there are controversies
over the surgical modality for spinal metastasis. In our series, total en-
bloc resection was performed in one patient (Case 6), subtotal
resection in one patient (Case2), and total piecemeal resection in
the other four patients. Compared with patients who received subtotal
resection and laminectomy (Table 2), patients who received total
resection had a better prognosis in terms of neurological function and
survival. In addition, one patient who received total en-bloc resection
had better performance in local tumor recurrence control, indicating
that local tumor control is important in SMMAT. For patients with a
solitary lesion and surgical indications, en-bloc resection is suggested,
though this tentative idea needs to be verified by more studies due to
the limited number of patients in our series.

Relevant studies present (28-30) that adrenal tumor is a
hypervascular tumor with highly variable blood pressure, especially
in MP. MP commonly produces one or more catecholamines, and the
excess secretion of catecholamines may cause a wide array of clinical
features, including hypertension (30). However, in the SMMAT

TABLE 2 Literature review for SMMAT.

10.3389/fonc.2023.1110045

patients of our series, intraoperative blood pressure did not fluctuate
significantly. In addition, comparison of the surgical information of the
six patients showed that the intraoperative blood loss of patients and
time of surgery with preoperative embolization were lower than those
of patients without embolization. Moreover, the risk factors of
hemodynamic instability during the perioperative period were greatly
reduced. It was reported (29, 31, 32) that preoperative embolization of
spinal metastasis was safe and effective in reducing intraoperative blood
loss, which also could simplify the surgical procedures. Therefore, we
recommend preoperative embolization for all patients with SMMAT to
ensure perioperative safety.

Adjunctive therapy

For the adjuvant treatment of SMMAT, the team consulted about
the therapeutic schedule of primary adrenal tumors. The effectiveness
of radiotherapy on adrenal carcinoma has been recognized. Gonias
et al. (33) affirmed the efficacy of high-dose [131I] MIBG in metastatic
malignant pheochromocytoma. It was also reported that (3) adjuvant
radiotherapy reduced the risk of local recurrence in ACC. However,
there are controversies over the efficacy of chemotherapy for adrenal
spinal metastasis. Some researchers believed (34, 35) that
chemotherapy had beneficial effects on local tumor control and
prolongation of survival, while others (33, 36) argued that it lacked
support from large clinical trials; in addition, these trials were mostly
retrospective so they could not provide direct evidence. We highlight
the pros and cons of adjuvant therapy and insist that patients should
have the right to choose the treatment independently. Finally, four of
our six patients received radiotherapy, of whom two died of

No.  Author [ref] Age, Adjunctive Time of spinal Location Pathology Operation LR/ Last
sex therapy metastasis meta NES
1 Daniel Lee et al. 55/M Radiotherapy 5 T12 ACC TER None NA
(10)
2 Drane WE et al. 69/F None NA L1 ACC laminectomy SM Dead at 1
(11) years
3 Ishida K et al. (12) 48/F Chemotherapy NA S ACC None SM Dead at 1
years
4 Kheir E. et al. (13) 69/F Radiotherapy 12 Ce6-C7 MP SR NA NA
5 Yurt A et al. (14) 47/M None NA T8-T9 MP laminectomy None NA
6 Kaloostian PE 28/M Chemotherapy 21 L3-14 MP SR None Alive
etal. (15)
7 Kaloostian PE 41/M None 36 T5-T7 MP SR SM NA
et al. (15)
8 Kaloostian PE 62/F None 54 L1 MP SR None Dead at 1
et al. (15) years
9 Kaloostian PE 23/M Chemotherapy+ 144 T10 MP TER None NA
et al. (15) Radiotherapy
10 Kaloostian PE 21/F Chemotherapy NA C7-T2,T4- MP SR + SM Dead at 3
et al. (15) T7 laminectomy years

SMMAT, spinal metastasis of malignant adrenal tumor; LR/meta, local recurrence/metastasis; NA, not available; F, female; M, male; ACC, adrenocortical cancer; MP, malignant pheochromocytoma;
TER, Total en-bloc resection; TPR, Total piecemeal resection; SR, Subtotal resection; SM, systemic metastasis.
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recurrence and the other two were still alive at the last follow-up. We
are reluctant to make a conclusion whether or not the adjuvant
therapy is effective in SMMAT due to the limited number of the
patients in our series. Despite this, radiotherapy and chemotherapy
remain the preferred option for advanced SMMAT at present.

Prognosis

Although different types of adrenal tumor have the same origin,
their prognoses may vary substantially. ACC seems to have the
poorest prognosis, with a 5-year survival rate of 30% vs. 40% for
MP (28, 37). Survival for spinal metastasis of ACC and MP is about 11
months (6) and 24 months (7) respectively. The median OS of the six
patients in our series is 26.2 months, including the two patients who
died of recurrence, which is relatively long as compared with other
reports, though further statistical validation is required. On the one
hand, we followed the standards of preoperative preparation strictly,
and on the other hand, surgeons in the surgical team have rich
experience. Compared with other carcinomas metastasized to the
spine reported by our center, SMMAT showed a better prognosis than
kidney cancer patients (17 months) and a poorer prognosis than liver
(26.3 months) and prostate (44 months) cancer patients (22, 23, 38).

Comparison of the data between the disease-free patients (Case 1,
4 and 6) and the patients who developed recurrence or died (Cases 2,
3 and 5) showed that patients with smaller tumor sizes, a better state
of health, the pathological type of MP, and better preoperative
neurological function had better prognoses, suggesting that tumor
size, pathological type, preoperative neurological function and the
state of health may prove to be potential prognostic factors of
SMMAT. However, we feel reluctant to draw a conclusion with
statistical significance due to the limited number of the patients and
the relatively short follow-up period. Larger-sample studies with
longer follow-up periods are required to verify our findings
and suggestions.

Limitation

Our study has several limitations. First, the retrospective nature is
the main limitation. Second, due to the rarity of spinal metastasis of
malignant adrenal tumor, the number of cases is too small. Moreover,
our study lacked a control group without surgery.

Conclusion

SMMAT is a rare tumor with poor prognosis. The disease onset
mainly presents as an osteolytic destruction. Spinal lesions can result
in neurological dysfunction which seriously affecting the quality of life
of the patients. The diagnosis of SMMAT is usually based on the
pathology. And preoperative embolization, early surgical treatment,
and total resection are usually associated with satisfactory clinical
outcomes. The patient’s health status, preoperative neurological
function, tumor location and the resection mode are potential
prognostic factors of spinal metastasis of malignant adrenal tumor.
Larger-sample, multicenter and prospective studies are required to
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gain deeper insights into pathogenesis, diagnosis and management of
the disease.
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SUPPLEMENTARY FIGURE 1

(A-C) Preoperative sagittal and transverse MRI images of L1-L2 vertebral body
tumors; (D, E) Preoperative transverse CT scan showed L1-L2 vertebral body
tumors; (F, G) She had a history of adrenal tumor (4 points). Visceral metastases
were detectable (2 points). Bone metastases were multiple (2 points). Her total
prognostic score was 8 points. So, we chose the surgical strategy of subtotal
resection. The tumor was excised by subtotal resection, pedicle screws, bone
cement and titanium rods were used to reconstruct the stability; (H, 1)
Postoperative X-ray.

SUPPLEMENTARY FIGURE 2

(A-C) Preoperative sagittal, coronal, and transverse MRI images of T3 vertebral
body tumors; (D) Preoperative transverse CT scan showed T3 vertebral body
tumors; (E, F) He had a history of adrenal tumor (4 points). Visceral metastases
were not detectable (0 point). Bone metastases were isolated (1 point). His total
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Deep learning-based algorithm
improves radiologists’
performance in lung cancer bone
metastases detection on
computed tomography

Tongtong Huo™?*, Yi Xie", Ying Fang", Ziyi Wang?, Pengran Liu®,
Yuyu Duan®, Jiayao Zhang®, Honglin Wang®, Mingdi Xue,
Songxiang Liu™* and Zhewei Ye™*

‘Department of Orthopedics, Union Hospital, Tongji Medical College, Huazhong University of Science
and Technology, Wuhan, China, ?Research Institute of Imaging, National Key Laboratory of Multi-
Spectral Information Processing Technology, Huazhong University of Science and Technology,

Wuhan, China, 3Department of Radiology, Union Hospital, Tongji Medical College, Huazhong University
of Science and Technology, Wuhan, China

Purpose: To develop and assess a deep convolutional neural network (DCNN)
model for the automatic detection of bone metastases from lung cancer on
computed tomography (CT)

Methods: In this retrospective study, CT scans acquired from a single institution
from June 2012 to May 2022 were included. In total, 126 patients were assigned to
a training cohort (n = 76), a validation cohort (n = 12), and a testing cohort (n = 38).
We trained and developed a DCNN model based on positive scans with bone
metastases and negative scans without bone metastases to detect and segment
the bone metastases of lung cancer on CT. We evaluated the clinical efficacy of the
DCNN model in an observer study with five board-certified radiologists and three
junior radiologists. The receiver operator characteristic curve was used to assess
the sensitivity and false positives of the detection performance; the intersection-
over-union and dice coefficient were used to evaluate the segmentation
performance of predicted lung cancer bone metastases.

Results: The DCNN model achieved a detection sensitivity of 0.894, with 5.24
average false positives per case, and a segmentation dice coefficient of 0.856 in
the testing cohort. Through the radiologists-DCNN model collaboration, the
detection accuracy of the three junior radiologists improved from 0.617 to 0.879
and the sensitivity from 0.680 to 0.902. Furthermore, the mean interpretation time
per case of the junior radiologists was reduced by 228 s (p = 0.045).

Conclusions: The proposed DCNN model for automatic lung cancer bone
metastases detection can improve diagnostic efficiency and reduce the
diagnosis time and workload of junior radiologists.

KEYWORDS

artificial intelligence, deep learning, deep convolutional neural network, lung cancer
bone metastases, computer-aided diagnosis
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1 Introduction

Lung cancer (LC) is the main cause of cancer-related deaths
globally (1). Approximately 1.5 million people are diagnosed with LC
every year, with 1.3 million deaths (2). Furthermore, bone is the most
common and the initial site of metastases from LC (3). Approximately
30%-70% of bone metastases are associated with LC, and 20%-30% of
patients with LC already have bone metastases upon initial diagnosis
(4). LC is often asymptomatic at the initial stage. Therefore, patients
possibly already have metastases at diagnosis (5, 6). Although bone
metastases may progress to pathologic fracture and/or nerve and
spinal cord compression; some patients have no painful symptoms at
the time of detection (7, 8). Once a tumor metastasizes to the bone, it
is practically incurable and has a high mortality rate (9). Therefore,
early detection of bone metastasis is important for decreasing
morbidity as well as for disease staging, outcome prediction, and
treatment planning (10).

Imaging is an important part of the management of bone
metastasis (11-13). Computed tomography (CT) has the advantages
of good anatomical resolution, soft-tissue contrast, and detailed
morphology (14, 15). It also facilitates simultaneous evaluation of
the primary and metastatic lesions (12, 16). The most important
advantage of CT is the relatively low cost, which is very patient-
friendly (17). Thus, in the clinical setting, CT is the most commonly
used imaging for the diagnosis of primary cancer and whole-body
18). The

measurements of all metastatic lesions are time-consuming,

staging when bone metastases are suspected (17,

especially, if multiple metastases are present. The heavy workload
of image evaluation can be tiresome for radiologists, thus increasing
the risk of missing lesions and leading to decreased sensitivity (19).
Therefore, automated analysis of CT images is ideal for assisting
radiologists in the accurate diagnosis of bone metastasis from LC.

Deep learning has been identified as a key sector in which artificial
intelligence could streamline pathways, acting as a triage or screening
service, decision aid, or second-reader support for radiologists (20).
By now, artificial intelligence with deep convolutional neural network
(DCNN) has been exploited to develop automated diagnosis and
classification of cancer, including prostate cancer (21, 22), pancreatic
cancer (23), gastric cancer (24, 25), breast cancer (26, 27), and LC
(28-30). Furthermore, there has been a line of research on DCNN-
based automated classification of CT images for the detection of
metastasis caused by various primary tumors including gastric cancer
(30), breast cancer (31), LC (32), and thyroid cancer (33). There is
emerging evidence suggesting that DCNN could also be used to
extract information from bone scan images for the automatic
detection of LCBM (34, 35).

In this study, we developed a DCNN model that automated
detecting LC bone metastases (LCBM) on CT and validated the
model internally and externally. We also compared the DCNN

Abbreviations: LCBM, Lung cancer bone metastases; Al, Artificial intelligence; DL,
Deep learning; DCNN, Deep convolutional neural network; AUC, Area under the
receiver operating characteristic curve; PPV, positive predictive value; NPV,
Negative predictive value; CT, Computed tomography; ROC, Receiver operating
characteristic; ROI, Region of interest; FPs, False positive; IoU, Intersection-

over-Union.
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model with five radiologists and explored whether it could enhance
the diagnostic accuracy of junior radiologists.

2 Materials and methods

2.1 Patients

We collected 102 patients with pathologically confirmed primary
LC who were confirmed to have synchronous or metachronous bone
metastases and 100 patients who were confirmed to not have bone
metastases by CT-guided biopsy pathology from June 2012 to May
2022. After reviewing the clinical and imaging data, we excluded
patients who did not undergo CT examination (n=53); who
underwent surgery, chemotherapy, and radiation therapy for bone
metastases before CT examination (n=9); and who had poor CT
image quality (n = 14). Finally, the CT images from 126 patients were
included for the DCNN model development to detect bone metastases
from LC, including a positive sample dataset of patients with biopsy-
proven LC and bone metastases (n = 57), and a negative sample
dataset of patients with biopsy-proven LC without bone metastases (n
= 69). The process of patient enrollment is shown in Figure 1.

We randomly split the whole dataset (n = 126) into three cohorts:
training (76 cases, to train the DCNN model), internal validation (12
cases, to fine-tune the hyper-parameters of the DCNN model), and
external testing (38 cases, to evaluate the model and radiologists’
performance). Furthermore, the patients included in the validation
and testing datasets were excluded from the training dataset.

2.2 Imaging preprocessing and annotation

The clinical and imaging information of all patients was obtained
through the medical record system and follow-up. To protect patients’
privacy, all identifying information, such as name, sex, age, and ID, on
CT was anonymized and omitted through image processing when data
were first acquired. After image preprocessing in the Digital Imaging
and Communications in Medicine (DICOM) format, complete thin-
layer CT images were stored (see Supplementary Methods for CT
protocols). The manual annotations of bone metastases were
performed using LabelMe (36) with an image segmentation software
(Mimics; Materialize, Belgium).

202 patients (102 positive, 100 negative)
were collected from June 2012 to May 2022

140 patients assessed for eligibility 62 patients assessed for eligibility

52 excluded
39 not undergene CT examination
5 undergone surgery

8 poor CT scans

24 excluded
14 not undergane CT examination
4 undergone surgery

38 eliginle {18 positive, 20 negative)

Testing cohort (N= 38)
18 pasitive scans
20 negative scans

88 eligible (39 positive, 49 negative)

Training cohort (N= 76)
34 positive scans
42 negative scans

Maodel development

FIGURE 1

Flow chart showing the overall study process. All computed
tomography (CT) scans were retrospectively collected from the clinical
databases of a single institution.

Validation cohort (= 12)
5 positive scans
7 negative scans

Model validation
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Two board-certified radiologists (8 and 9 years of experience in
CT diagnosis) evaluated all CT examinations and, section by section,
manually annotated five locations (spine, pelvis, limb, sternum, and
clavicle) on the CT images of patients with LCBM. Two expert
radiologists (14 and 20 years of experience in CT diagnosis,
respectively) checked and manually delineated the volume of
interest of the bone metastatic lesion in a voxel-wise manner on CT
images using the diagnosis reports from two board-certified
radiologists for establishing the reference standard of bone
metastases. Furthermore, both of them repeated the annotations
and modifications at least 3 weeks later and used them as ground
truth (GT) labels for diagnosis and evaluation.

2.3 Model development

We developed a cascaded three-dimensional (3D) U-Net with 3D
spatial SE modules and 3D GAU modules based on 3D U-Net (37),
which is a robust state-of-the-art DCNN-based medical image
segmentation method (see Supplementary Methods for training
protocol). The Cascaded 3D U-Net (38) contains two 3D U-net
architectures, wherein the first one is trained on down-sampled
images and the second one is trained on full-resolution images.
Training on down-sampled images first can enlarge the size of
patches concerning the image and also enable the 3D U-Net
network to learn more contextual information. Training on full-
resolution images next refines the segmentation results predicted
from the former 3D U-Net.

The 3D Spatial SE (39) module and 3D GAU (40) module are used
more fully as the spatial attention module and the channel attention
module to exploit the multiscale and multilevel features, respectively;
they guide DCNN to efficiently focus on the targets rather than the
background. The flowchart of our DCNN model for segmenting bone
metastases is shown in Figure 2. The input of the end-to-end DCNN
model is the 3D CT volume, and the output is the segmentation result
of the bone metastases margin and the possibility of LCBM.

Pre-processing _

>

-

Input 3D CT volume

Post-processing R
»

Raw-segmentation

10.3389/fonc.2023.1125637

2.4 Observer study

To scale the proposed deep learning system with human readers,
five radiologists (no overlap with the radiologists who labeled and
checked the annotations) with 3-8 years of experience in CT
diagnosis were required to participate in an independent human-
only observer study. These radiologists were randomly shown the
testing dataset to independently segment bone metastases and record
the localization (corresponding CT layers); they were blinded to the
bone metastases results and patient information.

To simulate the real clinical scenario, a radiologists-DCNN model
collaboration study was conducted on three junior radiologists with
1-3 years of CT diagnostic experience, besides the independent
observer study. These radiologists independently assessed the
images to reach the first conclusion (whether bone metastases are
present). Readouts of the DCNN model, including lesion labeling and
probability of LCBM, were sent to the radiologists for reevaluating the
images. The second assessment of radiologists served as the final
output. In addition, we scheduled the 8 radiologists to perform the
test in different locations to ensure their relative independence.

2.5 Statistical analysis

Our method followed a segmentation methodology to perform a
detection task; therefore, both segmentation and detection metrics
were important for evaluating the DCNN model performance. The
metastases segmentation performance of the network was assessed
using the metrics of dice coefficient and Intersection-over-Union
(IoU) (41). The dice value indicates the overlapped voxels between
the predicted results and GT. Its mathematical definition is as follows:
2|P N G

Dice(P, G) = P[+]G|

where denotes the number of labeled voxels, and P and G
represent the predicted and GT values, respectively. The larger the

Output Prediction

FIGURE 2

The flowchart of the proposed Cascaded 3D-Unet network. The network structure is divided into two parts: encoder and decoder. Between the encoder
and decoder, we used the three-dimensional (3D) spatial squeeze and excitation modules (3D Spatial SE) and 3D global attention-up sample modules

(3D GAU) to replace the original skip connections used in 3D U-Net.
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value of the dice, the higher the degree of overlap between the
segmentation prediction and GTs.

The evaluation of detection performance was based on case-based
analysis; cases with at least one positive lesion were considered true
positive (TP). We compared the model predictions with radiologists
with TPs, false negatives (FNs), and false positives (FPs). According to
the TP rate (sensitivity) versus the FP rate (1-specificity), we
calculated the areas under the receiver operating characteristic
(ROCQ) curve (AUC) and the 95% confidence interval (CI) for the
five radiologists (averaged), DCNN model alone, three junior
radiologists alone (averaged), and DCNN-assisted three junior
radiologists. P< 0.05 was considered statistically significant. All
statistical analyses were performed using SPSS 22.0 (IBM Corp.,
Armonk, NY, USA). The interpretation time for each scan was
recorded automatically by the viewer and the detection time of the
DCNN model was obtained from the computer terminal.

TABLE 1 Characteristics of patients in the three datasets.

10.3389/fonc.2023.1125637

3 Results

No significant difference was noted in age or sex among the
monocentric training, validation, and testing cohorts. In total, 34
positive and 42 negative scans were collected for the training dataset.
The validation dataset comprised five positive and seven negative
scans, and the testing dataset comprised 18 positive and 20 negative
scans. The characteristics of the training, validation, and testing
cohorts are listed in Table 1.

3.1 Performance of the DCNN model

A threshold of 0.5 (IoU > 0.5) was defined as the detection hit
criterion; then, the segmentation metrics were computed with the GT
labels generated in the image annotation procedure. At a threshold of

Variables Training Cohort (N=76) Validation Cohort (N=12) = Testing Cohort (N=38) Total (N=126) P value
Age (years), mean + SD 61.55 + 13.22 61.48 + 13.14 61.41 + 13.45 61.52 + 13.25 <0.001
Gender <0.001
Male 44 (57.8%) 7 (58.3%) 22 (57.9%) 73 (57.9%)
Female 32 (42.2%) 5 (41.7%) 16 (42.1%) 53 (42.1%)

Positive with bone metastases 33 (43.4%) 5 (41.7%) 19 (50.0%) 57 (45.2%)

Bone metastasis site 0.417

Spine 14 (42.4%) 2 (40.0%) 8 (42.1%) 24 (42.1%)
Pelvis 10 (30.3%) 1 (20.0%) 6 (31.6%) 17 (29.8%)
Limb 5 (15.2%) 1 (20.0%) 3 (15.8%) 9 (15.8%)
Sternum 3 (9.1%) 1 (20.0%) 2 (10.5%) 6 (10.5%)
Clavicle 1 (3.0%) 0 (0.0%) 0 (0.0%) 1 (1.8%)

Negative without bone metastases 43 (56.6%) 7 (58.3%) 19 (50.0%) 69 (54.8%)
Brain metastases 9 (20.9%) 2 (28.6%) 4 (21.1%) 15 (21.7%)
Liver metastases 26 (60.5%) 4 (57.1%) 12 (63.2%) 42 (60.9%)
Lymph nodes metastases 8 (18.6%) 1 (14.3%) 3 (15.8%) 12 (17.4%)

Primary Subtype 0.034
Small cell lung cancer (SCLC) 63 (82.9%) 10 (83.3%) 32 (84.2%) 105 (83.3%)
Adenocarcinoma (LUAD) 13 (17.1%) 2 (16.7%) 6 (15.8%) 21 (16.7%)

Number of tumors 0.002
Single 59 (77.6%) 9 (77.6%) 31 (81.6%) 99 (78.8%)

Multiple (2) 17 (22.4%) 3 (22.4%) 8 (18.4%) 27 (21.4%)

Tumor size 0.124
0<X <3 16 (20.5%) 2 (16.7%) 8 (21.1%) 26 (20.3%)
3<X<5 25 (32.9%) 3 (25.0%) 13 (34.2%) 41 (32.5%)
5<X<7 17 (22.4%) 4 (33.3%) 9 (23.7%) 30 (23.8%)
>7 18 (23.7%) 3 (25.0%) 8 (21.1%) 29 (23.0%)

Grade 0.297

(Continued)
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TABLE 1 Continued

10.3389/fonc.2023.1125637

Variables Training Cohort (N=76)  Validation Cohort (N=12) Testing Cohort (N=38) Total (N=126) P value
Grade I 4 (5.3%) 3 (25.0%) 9 (23.7%) 31 (24.6%)
Grade 11 19 (25.0%) 8 (66.7%) 23 (60.5%) 75 (59.5%)
Grade 111 44 (57.9%) 1 (8.3%) 4(10.5%) 14 (11.1%)
Grade IV 9 (11.8%) 3 (25.0%) 9 (23.7%) 31 (24.6%)

For patient age, the mean age and standard deviation are presented, with a range of values in parentheses. For other data, the number of patients is presented, with percentages in parentheses.

0.5, the detection sensitivity of our DCNN model was 0.898 with 5.23
average FPs for the validation dataset and 0.894 with 5.24 average FPs
for the testing dataset. Besides, our DCNN model achieved an
0.859 and 0.856 on
the validation and testing datasets, respectively). The overall results of

acceptable segmentation performance (dice =

the DCNN model for the validation and testing datasets are shown in
Table 2. An illustration of the predicted segmentation by DCNN is
shown in Figure 3, where all cases were predicted with highly similar
segmentation to GT.

3.2 Comparison with other networks
and radiologists

We compared our model with several state-of-the-art deep neural
networks in the validation and testing datasets to validate the

effectiveness of the proposed DCNN model (Figure 4 and Table 2).
As shown in the results, the Cascaded 3D U-Net outperformed the 3D
U-NET and 3D ECN (42) by large margins, which verified the
effectiveness of network design in the proposed DCNN model.
Moreover, the results of the ablation experiments demonstrated the
best performance of our 3D U-Net with a 3D GAU module and 3D
spatial SE module.

We performed observer studies and compared them with five
radiologists using all images in the testing dataset to characterize the
diagnostic value of the DCNN model. The DCNN model achieved high
performance, outperforming any radiologists for LCBM detection with
respect to both the primary metric AUROC (0.875 vs. 0.819 for the best
radiologist) and sensitivity (0.894 vs. 0.892) tested in the observer-
independent study. As for segmentation performance, our DCNN
model outperformed all other networks and five radiologists (Table 2).

TABLE 2 Results of comparison with other networks and five radiologists on the testing cohort.

AUROC Accuracy

(95% Cl)

Sensitivity
(95% Cl)

(95% Cl)

Specificity
(95% ClI)

Validation Cohort

3D FCN 0.775 (0.746-0.803) | 0.777 (0.724-0.823)  0.811 (0.792-0.840)  0.741 (0.720-0.766) | 0.674 (0.643-0.750)  0.766 (0.736-0.796) | 7.64
3D U-NET 0.781 (0.746-0.810) 0.790 (0.738-0.836) 0.810 (0.790-0.843) 0.752 (0.741-0.779) 0.681 (0.686-0.791) 0.785 (0.759-0.819) 7.20
3D GAU U-Net 0.805 (0.798-0.832) 0.807 (0.787-0.821) 0.784 (0.760-0.806) 0.834 (0.809-0.859) 0.693 (0.680-0.722) 0.794 (0.758-0.828) 597
3D SSE U-Net 0.853 (0.845-0.881) 0.853 (0.838-0.868) 0.860 (0.795-0.889) 0.850 (0.825-0.873) 0.750 (0.721-0.784) 0.827 (0.781-0.859) 5.65
Cascaded 3D U-

Net 0.871 (0.849-0.880) 0.877 (0.821-0.907) 0.893 (0.881-0.905) 0.866 (0.835-0.875) 0.751 (0.701-0.790) 0.843 (0.812-0.888) 5.41
Our network 0.883 (0.878-0.901) | 0.886 (0.842-0.922) | 0.898 (0.881-0.905) = 0.863 (0.835-0.875) | 0.782 (0.741-0.810)  0.859 (0.826-0.884) | 5.23
Testing Cohort

3D FCN 0.771 (0.749-0.784) 0.773 (0.751-0.794) 0.806 (0.789-0.822) 0.736 (0.710-0.759) 0.677 (0.651-0.754) 0.762 (0.732-0.790) 7.74
3D U-NET 0.775 (0.756-0.796) | 0.784 (0.787-0.801)  0.802 (0.785-0.818) = 0.748 (0.723-0.770) | 0.680 (0.664-0.782)  0.781 (0.750-0.818)  7.50
3D GAU U-Net 0.803 (0.776-0.834) 0.810 (0.799-0.853) 0.778 (0.761-0.818) 0.817 (0.801-0.844) 0.691 (0.674-0.718) 0.791 (0.764-0.823) 6.12
3D SSE U-Net 0.846 (0.828-0.867) 0.847 (0.783-0.897) 0.857 (0.786-0.891) 0.847 (0.819-0.868) 0.749 (0.720-0.798) 0.822 (0.779-0.855) 5.74
Cascaded 3D U-

Net 0.868 (0.838-0.872) 0.875 (0.834-0.908) 0.887 (0.881-0.905) 0.854 (0.835-0.867) 0.750 (0.706-0.783) 0.841 (0.810-0.888) 5.58
Our network 0.875 (0.863-0.883) | 0.878 (0.867-0.886) = 0.894 (0.874-0.896) = 0.857 (0.831-0.885) | 0.789 (0.733-0.808)  0.856 (0.820-0.885) | 5.24
Radiologist 1 0.785 (0.759-0.800) 0.771 (0.755-0.798) 0.846 (0.797-0.887) 0.766 (0.737-0.783) 0.642 (0.611-0.688) 0.726 (0.698-0.750) 3.25
Radiologist 2 0.792 (0.776-0.822) 0.793 (0.768-0.802) 0.861 (0.813-0.900) 0.769 (0.733-0.787) 0.668 (0.639-0.690) 0.741 (0.700-0.777) 3.10
Radiologist 3 0.795 (0.779-0.799) 0.799 (0.773-0.813) 0.876 (0.830-0.913) 0.776 (0.753-0.796) 0.679 (0.652-0.721) 0.750 (0.712-0.789) 2.68
Radiologist 4 0.804 (0.791-0.825) | 0.810 (0.795-0.827)  0.880 (0.875-0.925)  0.792 (0.770-0.819) | 0.691 (0.670-0.744)  0.769 (0.722-0.808) | 2.14

(Continued)
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TABLE 2 Continued

AUROC

(95% Cl)

Radiologist 5 0.819 (0.800-0.849)

Average of five
. . 0.799 (0.772-0.821)
radiologists

10.3389/fonc.2023.1125637

Accuracy Sensitivity Specificity . Avg
(95% Cl) (95% Cl) (95% Cl) oy pice FP

0.822 (0.801-0.839) 0.892 (0.891-0.929) 0.807 (0.792-0.831) 0.717 (0.700-0.762) 0.798 (0.759-0.841) 1.80

0.799 (0.782-0.834) 0.871 (0.841-0.899) 0.782 (0.758-0.800) 0.679 (0.654-0.702) 0.757 (0.730-0.783) 2.59

A comparison of detection and segmentation performance in the testing dataset of our proposed network (Cascaded 3D U-Net with 3D GAU modules and the 3D SSE modules), five other deep neural
networks [Cascaded 3D U-Net, 3D FCN, 3D U-net, 3D GAU U-Net (3D U-Net with 3D global attention-up sample modules, and 3D SSE U-Net (3D U-Net with spatial squeeze and excitation
modules)]. FP: false positives per scan. IoU: Intersection-over-Union. Dice: dice coefficient The bolded words “Our network” represent our proposed network (Cascaded 3D U-Net with 3D GAU
modules and the 3D SSE modules). The bolded words “Validation Cohort” and “Testing Cohort” represent two equal cohorts containing different data.

FIGURE 3

4 By
AR

[}

The segmentation results. Representative example of a patient with lung cancer bone metastasis with abnormal signals in the 4 lumbar spine (A-C) and a
patient with lung cancer bone metastasis with abnormal signals in the 11 thoracic spine (D—F), and true-positive lesions with various appearances and

locations. From left to right, the three images in a row are the original image, the corresponding GT label (red), and the candidate region output from the
deep convolutional neural network (DCNN) (green). Note that the green region on the right image is a candidate region with a threshold of 0.5, and dice

was calculated on this region
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FIGURE 4

The receiver operator characteristic curve for the performance of the deep convolutional neural network (DCNN) model-only, radiologist-only, junior
radiologist-only, and junior radiologists-DCNN model collaboration detection performance. Each orange triangle represents the performance of an
individual radiologist; each pink fork represents the performance of a junior radiologist without the aid of DCNN; and each green fork represents the
performance of a junior radiologist with the aid of DCNN. The red triangle indicates the average value of five radiologists, and the bolded forks indicate the
average value of junior radiologists.

TABLE 3 A comparison of the DCNN model and three junior radiologists without and with the DCNN model.

Age Experiences AUROC Accuracy Sensitivity

(year) (year) (95% Cl) (95% ClI) (95% Cl)
. . .894 . .
DCNN Model B B 0.875 0.878 0.89 0.789 0.856 - 54
(0.863-0.883) | (0.867-0.886) | (0.874-0.896)  (0.733-0.808)  (0.820-0.885)
0.584 0.597 0.657 0.498 0.589
R6 | 25 15 (0.567-0.612) | (0.575-0.614) | (0.531-0.768) (0.480-0.515) | (0.568-0.610) | 412 4.89
0.601 0.609 0.672 0.576 0.663
R7 | 31 2 312 3.95

Junior radiologist (0.588-0.620) (0.590-0.632) (0.546-0.782) (0.534-0.604) (0.638-0.686)

only s | 34 s 0.643 0.645 0711 0.620 0.708 . 236
(0.611-0.668) | (0.622-0.671) | (0.695-0.741) (0.586-0.645) | (0.684-0.733) :

0.609 0.617 0.680 0.565 0.653

Avg 30 2.17 370.3 4.07
(0.591-0.634) | (0.602-0.640) = (0.543-0.753) (0.543-0.598) = (0.637-0.698)
0.871 0.875 0.898 0.771 0.833

R6 25 1.5 204 272
(0.852-0.896) | (0.860-0.900)  (0.870-0.922) (0.748-0.794) | (0.800-0.867)
0.873 0.879 0.901 0.790 0.861

R7 31 2 104 223

Junior radiologist (0.856-0.891) (0.875-0.911) (0.864-0.924) (0.771-0.827) (0.811-0.893)

with DCNN

RS 34 3 0.878 0.883 0.907 0.802 0.886 119 198
(0.861-0.901) (0.869-0.923) (0.854-0.924) (0.784-0.821) (0.844-0.928) ’
.874 . .902 . .
Avg | 30 217 0.87: 0.879 0.90 0.788 0.847 1423 231

(0.857-0.914) = (0.863-0.910)  (0.844-0.921) (0.764-0.823) | (0.812-0.869)

FP, false positives per scan. IoU, Intersection-over-Union. Dice, dice coefficient. The bolded words “DCNN Model” represent our proposed network (Cascaded 3D U-Net with 3D GAU modules and
the 3D SSE modules). The bolded words “Avg” represent the average of the values in the three cells above.

3.3 Radio[ogists-DCNN model collaboration The DCNN model assisted junior radiologists in diagnosing
LCBM with a higher mean AUROC (0.874 [95% CI: 0.807-0.874]

We further validated the radiologists-DCNN model collaboration ~ Vs. 0.609 [95% CI: 0.591-0.634], P< 0.001), mean accuracy (0.879 vs.
performance in the testing dataset. As demonstrated, the three junior ~ 0-617, P< 0.001), and mean sensitivity (0.902 vs. 0.680, P = 0.009)
radiologists (with the assistance of the DCNN model) showed compared with those achieved alone. Moreover, the mean
substantial improvement in identifying LCBM (Figure 4 and Table 3), ~ interpretation time per case of the junior radiologists was
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significantly reduced from 370.3 s to 142.3 s (228 s decrease, P =
0.045) when assisted by the DCNN model.

4 Discussion

Herein, we proposed an improved Cascaded 3D U-Net based on
the DCNN model to detect and segment LCBM on CT scans.
Radiologists underperformed the DCNN model concerning
detection sensitivities, although they achieved much lower average
FPs. In the segmentation task, the proposed DCNN model achieved a
mean dice of 0.856 and a mean FP of 5.24 in the testing dataset,
showing that the proposed model achieved better results than other
state-of-the-art networks.

In the radiologists-DCNN model collaboration study, the mean
sensitivity of the junior radiologist for LCBM improved from 0.680 to
0.902 with acceptable FPs (2.59). The radiologists-DCNN model
collaboration enhanced the detection sensitivity and FPs compared
with radiologist-only or DCNN model-only diagnosis, demonstrating
the existence of the DCNN model-detected bone metastases that were
missed by junior radiologists and vice versa. Moreover, the DCNN
model-assisted diagnosis significantly decreased approximately 62%
clinical time (142 s vs. 370 s), which had never been evaluated in
previous studies.

Prior to our study, two recent studies used deep learning to detect
bone metastases from CT images (43, 18). However, both studies
focused only on spinal lesions. The spine is the most common site of
bone metastases; however, metastases can occur at any site in the
entire skeleton (44). Furthermore, both studies formalized the task as
two-dimensional detection, whereas our study formalized it as 3D
segmentation. Besides, the data and annotation in our study were of a
higher standard. In our study, high-quality thin-slice CT scans with a
thickness of 1-1.25 mm were used to support the model development.
Moreover, we followed a repetitive and retrospective labeling
procedure by four radiologists to ensure the high quality of our
annotations, thus reducing the risk of overvaluing model
performance. Our model achieved significantly higher detection
sensitivity and remained consistent across the training, validation,
and testing datasets.

Nevertheless, there are still some limitations to this study. First,
our study was retrospective and monocentric; therefore, future
validations in prospective randomized settings can provide more
powerful conclusions. In addition, the sample size was small. We
believe that the main reason for such limitation is the somewhat low
incidence and prevalence of LCBM (45). Although our results were
encouraging, experiments in large multi-center datasets are needed
to verify the results in further studies. Second, the training process
of the DCNN model depends on the segmentation GT labels of
LCBM by radiologists, who also have imperfect reliability. To
address this issue, numerous studies have been conducted to train
the DCNN model using weak labels (46). Third, the DCNN model
was established to detect LCBM so that the patients included in the
positive cohort had LC. However, bone metastases may also arise
from other solid tumors, such as breast, prostate, colorectal, thyroid,
and gynecologic cancers and melanoma (47). Therefore, more
generalized DCNN models that can distinguish multiple origins of
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bone metastases should be followed up. Finally, our DCNN models
were designed to deal with a single task of LCBM detection on CT.
However, in clinical practice, radiologists may not rely on a single
medical file for a final diagnosis, instead, they need to combine other
clinical or imaging reports to achieve the diagnosis of LCBM. If the
models are built based on a single parameter, their clinical value
may be significantly endangered. Therefore, more inclusive models
combining various characteristics should be designed and
emphasized in the future (48).

In conclusion, our DCNN model collaborated with junior
radiologists helped to enhance the diagnostic effectiveness and
efficiency in the diagnosis of LCBM on CT, indicating the great
potential of DCNN-assisted diagnosis in clinical practice.
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Denosumab, a fully humanized monoclonal neutralizing antibody, inhibits
activation of the RANK/RANKL/OPG signaling pathway through competitive
binding with RANKL, thereby inhibiting osteoclast-mediated bone resorption.
Denosumab inhibits bone loss; therefore, it is used to treat metabolic bone
diseases (including postmenopausal osteoporosis, male osteoporosis, and
glucocorticoid-induced osteoporosis), in clinical practice. Since then, multiple
effects of denosumab have been discovered. A growing body of evidence suggests
that denosumab has a variety of pharmacological activities and broad potential in
clinical diseases such as osteoarthritis, bone tumors, and other autoimmune
diseases. Currently, Denosumab is emerging as a treatment for patients with
malignancy bone metastases, and it also shows direct or indirect anti-tumor
effects in preclinical models and clinical applications. However, as an innovative
drug, its clinical use for bone metastasis of malignant tumors is still insufficient, and
its mechanism of action needs to be further investigated. This review systematically
summarizes the pharmacological mechanism of action of denosumab and the
current understanding and clinical practice of the use of denosumab for bone
metastasis of malignant tumors to help clinicians and researchers deepen their
understanding of denosumab.
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Introduction

The RANK/RANKL/OPG system The
Receptor activator of NF-kB/The
Receptor activator of NF-kB ligand/
Osteoprotegerin system

The receptor activator of NF-kB ligand (RANKL was originally
defined as a new member of the tumor necrosis factor receptor
(TNFR) family which is expressed on non-dendritic cells and
participates in dendritic cell-mediated T cell proliferation and
RANK+T cell activation (1). The discovery of RANKL built a
bridge between the bone and the immune system and became an
important landmark in the rise of bone immunology (2-4). As the
RANKL/RANK (Receptor activator of NF-kB) signaling pathway
plays an important role in mediating osteoclast differentiation and
function (5), the relationship between RANKL and bone metabolism
has been extensively studied.

The differentiation and maturation of osteoblasts is regulated by
two systems: the RANK/RANKL system and the macrophage colony-
stimulating factor/colony-stimulating factor-1 receptor (M-CSF/c-
FMS) system (6). The M-CSF/c-FMS system is responsible for
regulating the differentiation of early hematopoietic stem cells
(HSC:s) into osteoclast precursor cells and the survival of osteoclast
precursor cells (7), whereas the RANK/RANKL system is an
important trigger for the differentiation of osteoclast precursors
into functional osteoclasts. RANKL is a homologous trimeric
transmembrane protein which has two receptors: the membrane-
binding receptor RANK and the soluble bait receptor OPG (8). In
bone, RANKL is expressed in the bone matrix, osteoblast precursor
cells, and osteoblasts, and RANK is expressed on the membrane
surface of osteoclasts and osteoclast precursors as a membrane-
binding receptor (9).

The binding of RANKL to RANK leads to the recruitment of TNF
receptor associated factor 6 (TRAF6) as an articulatory molecule,
which activates the NF-kB, c-Fos/AP1, MAPK, and other signaling
pathways (10), leading to increased activation, amplification, and
transcription of the downstream signal nuclear factor of activated T
cells (NFATc1) (11), which directly mediates the differentiation of
osteoclast precursor cells into osteoclasts (12). NFATc1 is a major
regulator of osteogenesis (13). NFATc1 is both a major regulator of
osteoclast formation and is involved in the regulation of osteoclast-
specific genes (TRAP, Cathepsin K, calcitonin receptor) involved in
osteoclast differentiation proliferation and survival (14, 15). The
osteeoprotegerin (OPG) inhibits the activation of RANK signaling
by competitively binding to RANKL and preventing RANKL from
binding to its receptor RANK (16) (Figure 1).

Denosumab is the first and only clinically available RANKL
inhibitor that inhibits osteoclast activity by targeting and blocking
the binding between RANK and RANKL. While inhibiting the
function of mature osteoclasts (17), it also inhibits the maturation
of osteoclast precursor cells, reduces bone resorption, and promotes
bone reconstruction, thereby delaying bone-related events.
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Biology of bone metastasis of
malignant tumors

Tumor metastasis is the process by which cancer cells spread from
a primary lesion to other sites. Cancer cells metastasize in three major
ways: direct invasion, disseminated metastasis, and vascular and
lymphatic metastases (18). Tumor metastasis is a complex
biological process (19, 20). Tumor cells metastasizing from the
primary site to other tissues and organs generally undergo the steps
of reducing intercellular adhesion, destructing the epithelial barriers,
escaping from immune surveillance, secondary site colonizing,
proliferation and growth and lead to skeletal-related event SREs
(21) (Figure 2). The three major primary cancers that are most
prone to bone metastasis are breast, lung, and prostate cancers (22).
Tumor cells colonize the bone microenvironment from the primary
site, resulting in bone disease, which is defined as a SREs. Although all
are bone metastases, the different origins of the tumors lead to
completely opposite characteristics. When osteoblast-mediated bone
formation predominates, the bone shows abnormal proliferation and
presents with osteosclerotic malignancy; when osteoclast-mediated
bone resorption predominates, the bone shows abnormal resorption
and presents with osteolytic malignancy (23), and there are also some
mixed lesions in which osteosclerosis and osteolysis abnormalities
occur simultaneously (24).

Tumor progression or invasion of other tumors leads to the
disruption of bone homeostasis, forming a vicious circle between
osteoclasts, osteoblasts, immune cells, and tumor cells (25). Malignant
tumors release a variety of cytokines that can directly or indirectly
activate osteoblasts or osteoclasts. When tumor cells secrete IL-1
(Interleukin-1), IL-6 (Interleukin-6), TNF-o (Tumor Necrosis Factor
alpha), and other inflammatory cytokines, they activate osteoclasts in
large quantities, leading to enhanced osteolysis activity, which
produces inflammatory cytokines in large quantities, forming a
vicious circle in the bone microenvironment promoting pro-tumor
transformation and tumor cell progression (26). In addition, the
alteration of the bone microenvironment and tumor
microenvironment will make the immune cells’ surveillance and
clearance effect on the tumor weaken (27). Tumor cells will block
the immune response in many ways, resulting in the weakening of
immune cell anti-tumor immunity (28). Physicochemical and
environmental factors also play an important role in regulating the
progression of tumor metastasis. A hypoxic environment and low pH
values are conducive to tumor cell proliferation (29), and this hypoxic
acidic environment creates a suitable environment for tumor cell
growth, leading to increased levels of tumor cell production,
migration, invasion, and proliferation (30).

Bone metastases often lead to serious complications, including
fractures, nerve compression, and severe pain, resulting in loss of
mobility, a significant increase in medical costs, and a significantly
lower quality of life and survival rates (31). Metastases occur in
approximately 50% of patients with tumors and are the cause of death
in 90% of patients with cancer (32). In the past decades, metastases
have been treated using systemic approaches, including
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FIGURE 1

The RANK/RANKL/OPG system. The binding of RANKL to RANK leads to TRAF6 recruitment, which activates NF-kB, MAPK and Fos/AP-1 pathways. These
activating signals together lead to the activation of NFATc1, a key transcription factor for downstream osteoclast-associated gene activation, which is the
hallmark event of osteoclast formation. The OPG competitively binds RANKL and thus inhibits osteoclast activation, while denosumab, which has the
same molecular weight as OPG, also binds to RANKL and inhibits osteoclast activation and maturation.

chemotherapy and immunotherapy, but most patients with new or
recurrent metastases still die within 5 years of diagnosis (33). This is
especially true for the high incidence and high risk of bone metastases,
so there is an urgent need to explore in depth the options to prevent
and treat bone metastases (34). Bisphosphonates are well documented
(35). Recognizing the development of early metastases in women
suffering from breast cancer, which usually occur in bone tissue,
attempts have been made to use bisphosphonates for early prevention
in women with breast cancer as a nonspecific treatment, decreasing
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the potential impact of SREs and increasing the overall survival
benefit (36).

The RANK/RANKL system in tumor
metastases to bone

RANKL has been recognized for its role in mediating dendritic
cell survival and T cell proliferation, and subsequently for its crucial
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FIGURE 2

The bone metastasis. The bone metastasis is a complex biological process. Tumor cells metastasizing from the primary site to other tissues and organs
generally undergo the steps of reducing intercellular adhesion, overcoming barriers, escaping from immunity, colonizing secondary sites, proliferation
and growth and lead to SREs. The bone metastases often lead to serious complications, including fractures, nerve compression, and severe pain,
resulting in loss of mobility, a significant increase in medical costs, and a significant reduction in quality of life and survival.
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roles in mediating osteoclast differentiation and function (37). Thus,
it has been intensively studied in the field of bone metabolism, and
recently, research has returned to focus on the immune system. Many
studies have shown that the RANK/RANKL system plays an essential
role in developmental maturation and functional maintenance of the
immune system. By genetically engineering RANK- or RANKL-
deficient mice, it has been found that RANKL knock out mice show
lymph node deficiency and impaired B-cell development (38, 39), and
patients with mutations in the TNFRSF11A gene (encoding RANK)
show a significant reduction in B-cell numbers (40), which confirms
that RANK/RANKL is essential for early T cell and B cell
development. In addition, RANK/RANKL intervenes in the
interactions between T cells and dendritic cells s, and RANKL
enhances dendritic cell formation and function in the absence of
co-stimulation and antigen presentation, enhancing the ability of
dendritic cells to stimulate the proliferation and differentiation of

Frontiers in Oncology

naive T cells (41). In addition, RANK/RANKL activation triggers
intracellular signaling pathways (e.g., MAPK, NF-kB, Fos/AP-1, JNK/
ERK/P38), which are involved in tumor proliferation and metabolic
activities (42).There are many preclinical studies on the above-
mentioned signaling pathways in RANKL activation-induced cancer
metastasis. For example, MAPK pathway is involved in RANKL-
induced breast cancer cell migration, and inhibition of MAPK
pathway activation by specific inhibitors can effectively block
RANKL-induced cell migration (43, 44). RANKL induces NF-KB
activation leading to enhanced aggressiveness of oral squamous cell
carcinoma by suppressing RANKL expression, which inhibits
RANKL-induced NF-KB activation thereby suppressing the
invasion of oral squamous cell carcinoma into the jawbone (45).
However, these intracellular signaling pathways do not exist in
isolation, but in crosstalk with each other (46). Until now, evidence
on the crosstalk between RANK/RANKL and intracellular signaling
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pathways to regulate tumor proliferation and metabolism is still
incomplete. and needs further study.

Although it is not clear whether the RANK/RANKL signaling
pathway plays a favorable or unfavorable role in tumor proliferation
and metabolism, there is no doubt that RANK/RANKL signaling
plays a very important role in tumors. RANK/RANKL is expressed in
many tumor tissues (39), and many breast cancer patients show
abnormally high levels of RANKL expression in primary lesions, and
a positive correlation with the incidence of bone metastases (47).
RANK/RANKL is directly involved in tumor proliferation and
metabolism and regulates the tumor immune microenvironment
(48). The activation of dendritic cells releases a large amount of
activated cytokines (including IL-1, IL-6, and IL-12) (41), which
increase the number of transcriptional factor Foxp3 regulatory T
cells (Foxp3+ Tregs) (49), and induce the differentiation of CD4+ T
cells into Th1 cells (50), all of which lead to immunosuppression, and
allow tumor cells to escape immune surveillance that promotes
tumor progression.

The above evidence seems to indicate a negative aspect of the
RANK/RANKL system in the progression of tumors and anti-tumor
immunity. Because of the effectiveness of osteoclast inhibition in
preventing bone metastases, drugs acting on the RANK/RANKL
system have been developed and used to treat bone metastases from
malignant neoplasm.

The development and pharmacological
mechanism of denosumab

OPG was discovered in the 1990s when genomics was developed
and used for target identification and Amgen discovered emerging
mRNAs through large-scale sequencing and studied the function of
these genes in vivo by overexpressing them in mouse liver. Mice with
OPG transfer gene show a phenotype of increased bone density in the
lower limb bones. Following the discovery of the OPG phenotype,
subsequent studies began to search for a ligand for OPG. The OPG
ligand (OPGL) was screened by fluorescence techniques, and a series
of subsequent studies revealed that the OPGL sequence was identical
to the RANK ligand RANKL, which was then used as a ligand for
OPG. Because of its phenotype of increasing bone density, OPG was
used to inhibit bone resorption. Hundreds of variants of OPG were
developed and used in preclinical animal models, but all showed poor
bioactivity and poor pharmacokinetics, and the subsequent OPG
immunoglobulin Fc fusion protein (OPG-Fc) had an extended
potency enhancer half-life but presented safety risks in phase I
trials. Development of OPG-Fc was discontinued and shifted to
RANKL. Amgen reconstituted a fully human monoclonal antibody,
denosumab, using a modified Ig2 antibody (the modified Ig2 antibody
enhances resistance to papain and thus improves efficacy) with little
or no cytotoxicity (antibody-dependent cell-mediated cytotoxicity
and complement-dependent cytotoxicity) and improved
pharmacokinetics (51).

Denosumab is a fully synthetic monoclonal neutralizing antibody
that acts as an IgG2 subclass immunoglobulin, inhibiting osteoclast
differentiation, survival, and activity by competitively binding
RANKIL, thereby blocking RANK binding to RANKL. Denosumab
is considered a highly effective inhibitor of osteoclast bone resorption
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(52). In vitro studies have shown that denosumab, similar to OPG, has
high affinity for soluble and membrane-bound RANKL (53).
Denosumab has good pharmacokinetic properties, and although
there are individual metabolic differences, its molecular mass and
structural properties allow for rapid absorption and a nonlinear
metabolic profile that can be sustained in vivo (54). After
subcutaneously administration denosumab of 60 mg, maximum
serum denosumab concentration was reached on day 10 (range: 2-
28 days), with serum levels declining gradually over 3 months (range:
1.5-4.5 months), with a half-life of 26 days (range: 6-52 days). After
subcutaneously administration denosumab of 120 mg every 4 weeks,
steady-state concentrations were achieved at 6 months. the mean (+
standard deviation) serum steady-state trough concentration at 6
months was 20.5 (+ 13.5) pg/mL. The mean elimination half-life was
28 days. It can last up to 9 months after a single dose (55). Similar to
other monoclonal antibodies, denosumab is likely cleared in vivo by
the reticuloendothelial system and is not metabolized by the liver or
kidneys (56); therefore, no further impairment of renal function or
changes in efficacy or pharmacokinetics have been reported with
denosumab in clinical trials, including renal replacement therapy in
patients with impaired renal function (57). However, pilot studies on
the mechanism of clearance of denosumab, and clinical evaluation of
hepatic impairment on the efficacy and pharmacokinetics of
denosumab have not yet been conducted (Figure 3).

The clinical trials of denosumab on bone
metastasis of malignant tumor

The RANKL inhibitor denosumab has entered clinical trials for
malignant bone metastases (Figure 4). A prospective double-blind
placebo-controlled phase II trial (58) with 3425 subjects showed that
denosumab in women with early-stage hormone receptor-positive
postmenopausal breast cancer treated with an aromatase inhibitor
was effective in reducing bone mineral density and fractures due to
aggressive bone resorption, with no significant variation in the
incidence of adverse events (58). Another prospective double-blind
placebo-controlled phase I trial with 1432 subjects showed that
denosumab was effective in preventing bone metastases in non-
metastatic castration-resistant prostate cancer, and that denosumab
significantly postponed the onset of first bone metastasis in patients
with this type of tumor (59). A randomized phase II clinical study
showed that in patients experiencing bone metastases associated with
malignant tumors, including prostate, breast, or other tumors, who
received bisphosphonates by intravenous injection but still had
excessive bone resorption (urinary N-terminal peptide uNTx >100
nmol), increased treatment with denosumab was effective in reducing
uNTx levels, inhibiting the bone resorption rate, and reducing the
incidence of SREs (60). In addition, a double-blind randomized phase
III clinical trial showed that treatment with denosumab (120 mg every
4 weeks) prolonged the time to first bone metastasis radiotherapy
compared to conventional bisphosphonate anti-bone metastases (61),
implying that the time-lapse to bone metastases was delayed in
patients receiving denosumab subcutaneous injections, in addition
to prolonging the time to the first SREs occurrence and
hypercalcemia, reduced pain levels, and improved the well-being of
people suffering from bone metastases. In addition, denosumab
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-Prevention of bone metastases from solid tumors
or SRE events:
120mg, Once every 4 weeks, i.h;
-Osteoporosis in postmenopausal women
at high risk of bone fracture:
60mg, Once every 6 months, i.h;
Pharmacokinetics
-Detectable in serum 1 hour
after injection;
-dose-dependent
non-linear metabolism;
-‘maximum 9 months duration;
-Not cleared by liver and kidney metabolism;
-Probably cleared by the reticuloendothelial system;
FIGURE 3

The description of denosumab. The properties of denosumab are briefly described in four dimensions: usage and dosage, pharmacological mechanism,

pharmacokinetics and adverse reactions.

effectively reduced serum calcium levels in patients with refractory
hypercalcemia whose serum calcium could not be controlled with
intravenous bisphosphonate therapy (62), achieving an overall
remission rate of 64%, delaying the onset of hypercalcemia in
patients with advanced bone metastases, achieving a durable
therapeutic response in reducing serum calcium, and being used in
patients with renal failure (compared to bisphosphonates).
Denosumab is neither metabolized nor excreted by the kidneys
compared to bisphosphonates), making denosumab a promising
second drug to be approved for the treatment of refractory
hypercalcemia after zoledronic acid.

The use of denosumab has produced alterations in bone
metabolism and therefore its application in some specific skeletal
metabolic disorders deserves to be noted. Paget’s disease is
characterized by local bone metabolism disorder, partial bone
overgrowth, disorder of bone reconstruction, abnormal osteoclast
metabolism causing bone lysis, compensatory increase of osteoblasts,
brittle change of abnormally proliferated bone tissue, bone expansion
and loosening, and easy fracture, so some clinical studies abroad use
denosumab to intervene in early Paget’s disease. In two reported
clinical cases (63, 64), patients with Paget’s disease treated with
bisphosphonates for a long time, who progressed to giant cell
tumor of bone, received subcutaneous injections of denosumab
(120 mg every 4 weeks), and imaging showed a reduction in tumor
size and an improvement in clinical symptoms. Treatment of bone
metastases is usually systemic, and radiotherapy and chemotherapy
are the conventional means of treatment for bone metastases. Patients
with bone metastases have usually undergone systemic treatment
prior to the development of bone metastases, does the combination of
denosumab and chemotherapy produce a synergistic effect? Does the
combination of denosumab and chemotherapy have a synergistic
effect? Does it have an effect on effectiveness or does it produce drug
resistance? Studies in animal models have shown that inhibition of
RANKL improves the efficacy of the chemotherapeutic agent
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-Competitive binding of RANKL;
-blocking rank/rankl interactions;
-inhibiting osteoclast differentiation
and function;

- reducing bone resorption;

Adverse reactions

-Osteonecrosis of the jaw;
-Neutropenia;

‘Increased risk of fracture;
-Hypocalcemia;

cisplatin, but there are no objective data on the effect of denosumab
in combination with chemotherapeutic agents at this time (39).

Based on the above clinical study results, denosumab could be
considered for use as a more effective anti-bone metastasis drug than
bisphosphonates, because it delays the onset of bone metastases,
reduces the frequency of SREs, improves patient life treatment, and
can also be used in patients with bone metastases who are allergic to
bisphosphonates or have renal failure (65). However, caution should
be exercised. The clinical application of drugs is different from
preclinical studies, because tumorigenesis is a complex process with
differences in the nature of the tumor itself, and tumorigenesis leads
to systemic metabolic changes. There are already relevant clinical
studies that are skeptical of denosumab for bone metastases from
malignant tumors.

A large multicenter prospective randomized clinical trial revealed
the effect of adjuvant treatment with denosumab on early-stage
female breast cancer patients. A total of 4509 female breast cancer
patients were enrolled in the study (66), half of whom received
denosumab (120 mg once a month) at the start of chemotherapy
for five years, primarily to determine whether denosumab could play
an anti-metastatic role. Unfortunately, there was no significant
difference between the two groups, and no significant improvement
or therapeutic effect on bone metastases, in addition to neutropenia in
15% of patients and osteonecrosis of the jaw in 5% of patients.
Another randomized open phase IIT clinical study showed that
adding denosumab to standard first-line platinum-based dual
therapy did not improve overall survival in patients with advanced
non-small cell lung cancer (NSCLC) (67). These clinical trials showed
that the combination of denosumab did not benefit patients and
imposed a financial burden on these patients. A large randomized
trial showed a 9-fold increase in medical costs for monthly
denosumab treatment compared with 3-monthly zoledronic acid
treatment, but no significant survival extension or other benefits
were observed (68).
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The discovery of RANKL and its receptor RANK induces osteoclast formation;
and the involvement of the RANK pathway in the regulation of bone metabolism

Determination and comparison of hRANK(L) and mRANK(L) amino acid sequences;

confirmation of RANKL expression on T cells and DCs and identification of its function.

1997  The rise of osteoimmunology.
Denosumab was identified and fully humanized
2001 and clinical trials for anti-osteoporosis treatment were conducted
Conducted clinical trial of Denosumab for the treatment of multiple myeloma or bone metastases
2007

FDA approves Denosumab for the treatment of postmenopausal women with osteoporosis
and bone metastases from solid tumors SREs

2012

Clarify the molecular structure of RANKL protein
(type Il trimeric transmembrane protein)

Approved for the treatment of multiple myeloma

and multiple myeloma SREs

Denosumab approved in China for prevention of bone metastases from solid tumors

present

FIGURE 4

Clinical trial of Denosumab for bone metastases from other tumors;
clinical trail of Denosumab in combination with immunotherapy and other therapies

The timeline of RANK/RANKL/OPG system and denosumab. The chronological order shows the important events in the process from the discovery of

the RANK/RANKL/OPG system and denosumab to its clinical use

In addition, the increased incidence of adverse events associated
with the use of denosumab cannot be ignored, with frequently
reported adverse events being osteonecrosis of the jaw, neutropenia,
and increased risk of fracture (61, 69).

Based on the above studies, we must carefully evaluate the use of
denosumab for the prophylaxis and treatment of bone metastases in
malignant tumors. The following questions require careful consideration;

*  Whether denosumab is only indicated for certain specific
tumor types?

*  Whether the use of denosumab brings more clinical benefits
and medical cost savings to patients with malignant tumors?

* Whether the combination of denosumab with first-line
chemotherapeutic agents may superimpose adverse effects
and how to prevent rebound effects after denosumab
discontinuation are worthy of prudent evaluation.

Therefore, joint efforts by researchers and clinicians are required.

Frontiers in Oncology

Conclusion

In 2020, there will be approximately 19.3 million new cancer cases
and 10 million cancer deaths worldwide, and with the growing
population base and aging population, this number is expected to
increase by 47% by 2040, with the global cancer burden reaching 28.4
million cases (70, 71). Approximately 50% of patients with tumors
develop metastases, and the majority of patients with tumors die from
a variety of complications caused by metastases, rather than from
other causes. Bone metastatic disease is most common in some
specific cancers, among which the incidence of bone metastasis in
breast cancer is approximately 70%, prostate cancer is about 85%,
cancer bone metastasis is about 40%, and the incidence of bone
metastasis in multiple myeloma is as high as 95% (22). Given the high
incidence of these tumors, many bone metastases occur each year,
causing great pain and devastation to patients. Most bone metastases
occur in the spine, pelvis, ribs, and other important areas (72), causing
pain, compression, bone destruction, pathological fractures, and other
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serious SREs (73). Approximately 40% of patients with bone
metastases experience SREs during antitumor treatment (73).

The evolution of malignant tumor metastasis to the bone is a
complex process (74). The metastatic spread of tumor cells includes
reducing intercellular adhesion, destructing the epithelial barrier,
escaping from immune surveillance, secondary site colonization and
SREs events happening (75). However, when tumor cells colonize the
bone, it also provides favorable support for the rapid proliferation of
tumor cells. The relationship between tumor cells and the bone
microenvironment has been compared to the relationship between
seeds and soil (76), and the various cells and blood supply in the
skeletal system provide a natural breeding ground for tumor cells to
colonize and proliferate. However, not all types of tumors develop
bone metastasis, and it seems that the characteristics of the seed (i.e.,
tumor cells) interacting with the soil (i.e., bone microenvironment),
play a more important role in the spread of malignant tumor bone
metastasis (77), which may explain why some specific primary tumor
types (e.g., breast cancer and prostate cancer), are more prone to bone
metastasis (78). In addition, differences in the primary foci classify
bone metastases into different types, and bone metastases are
classified into osteosclerotic malignancies, osteolytic malignancies,
and mixed malignancies (79). Osteolytic malignancies are usually
primary tumors of breast or lung cancer, whereas osteosclerotic
malignancies are usually highly associated with prostate cancer.
However, this division is simple and rough, and when bone
metastases from malignant tumors occur, skeletal lesions within the
bone microenvironment are often complex (80). When bone
metastases occur in most solid tumors, there is both an accelerated
process of osteolytic destruction and bone formation and
reconstruction, and bone metastases in different parts of a single
patient’s body may be different, i.e. osteolytic bone destruction may
occur in one part of the bone and another part of In other words,
osteolytic bone destruction may occur in one part of the skeleton,
while another part of the skeleton, on the contrary, may develop
sclerotic osteogenic lesions or mixed bone metastases. The complexity
of bone metastases along with the resistance of neoplastic cells to
metastases poses a great challenge for their treatment (81).

The current standard of care for bone metastases from malignant
tumors includes bisphosphonates and the RANKL inhibitor,
denosumab (82), both drug types which target osteoclast inhibition
(83). Bisphosphonates have been used clinically for many years, and a
large amount of preclinical evidence fully demonstrates their anti-
tumor cell metastatic ability (84, 85). Their action on osteoclasts leads
to reduced bone resorption, which may establish a bone
microenvironment unfavorable to tumor cell attachment (86). In
addition, nitrogen-containing bisphosphonates can inhibit tumor
angiogenesis and modulate immunity to exert indirect antitumor
activity (87). Due to its good pharmacological activity and cost-
effectiveness, zoledronic acid has been the standard of care for the
prevention of bone metastases from malignant tumors and other
SREs for nearly a decade (88), significantly improving the quality of
life and survival of patients with bone metastases (89). However, the
pharmacological properties of zoledronic acid have led to adverse
effects (mainly acute reactions and renal impairment), making it
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unavailable to some patients with bone metastases (90), and until the
advent of denosumab, these patients had no choice.

Denosumab was approved by the FDA in 2010 for the treatment
of bone metastases from solid tumors, and has since become a
breakthrough treatment for bone metastases from malignant
tumors. Several clinical trials have confirmed that it is as effective as
zoledronic acid (91, 92). Several large multicenter prospective double-
blind randomized controlled clinical trials have shown that
denosumab is effective in delaying the time to first bone metastasis,
reducing the incidence of SREs, reducing pain levels in patients with
bone metastases, and improving the quality of life in patients with
malignancies (93, 94). However, with further clinical studies and the
gradual expansion of the included population, the effectiveness of
denosumab was gradually questioned (95), and several clinical studies
showed that denosumab did not differ from zoledronic acid in terms
of overall survival and disease progression (96). In addition, the
treatment of bone metastases from malignant tumors is a long-term
process, and the cost of the drug is an issue that must be considered.
With conflicting clinical data from different institutional centers,
more clinical studies and longer follow-up periods are needed to
obtain credible evidence about the role of denosumab in malignant
bone metastases, its advantages over zoledronic acid, and to analyze
the various reported adverse effects from denosumab. The answers are
thus both necessary and urgent.

Although clinical studies and conclusions about denosumab are
still to be optimized, there is no doubt about its advantages over
zoledronic acid. The emergence of denosumab brings hope to patients
with bone metastases from malignant tumors combined with renal
abnormalities as it is not metabolized and excreted by the kidneys (97).
This makes it available for patients with bone metastases from
malignant tumors treated with renal replacement therapy. This is
particularly important for elderly prostate cancer patients, who are at
a high risk of bone metastases. They often suffer from renal
insufficiency due to malignant tumor proliferation-induced urinary
tract obstruction, for which bisphosphonates are absolutely
contraindicated, and who desperately need a drug that can control
bone metastases (93). In addition, denosumab reduces the rate of bone
resorption by competitively binding to RANKL, resulting in a durable
reduction in serum calcium levels. This provides a new approach for the
treatment of previously intractable hypercalcemia with bone metastases
(98). Denosumab has also been reported to delay pain progression and
reduce overall pain levels and analgesic drug use (99), but these reports
suffer from inadequate sample sizes and are highly susceptible to
subjective evaluations, which are currently unreliable.

Another question that needs to be answered is how does
denosumab function in different types of tumors? Although it was
approved by the FDA in 2010 for the treatment of bone metastases
from solid tumors, it is not yet known whether denosumab is effective
for all types of bone metastases from solid tumors (100). Clinical trials
in NSCLC have shown that bone metastasis is very common in non-
small cell lung cancer; one clinical trial confirmed that 50%-60% of
NSCLC tumor tissues express RANKL and RANK, and the trial
showed that denosumab can directly block RANKL to inhibit bone
metastasis in NSCLC. However, subsequent clinical trials have
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indicated the opposite conclusions, since adding denosumab to
standard first-line platinum-based dual therapy did not improve
overall survival in advanced NSCLC. Data from different studies are
conflicting, so there are questions about whether denosumab is
effective in NSCLC. A more fundamental issue is that the
mechanism of denosumab, which acts on osteoclasts to exert anti-
metastatic effects by reducing bone resorption, may be effective in
osteolytic bone metastases where osteoclast-mediated bone resorption
predominates. However, there is a lack of evidence to demonstrate
whether it is effective in sclerotic bone metastases where osteoblast-
mediated bone formation predominates.

To minimize the impact of malignant tumor bone metastases on
patients and reduce the occurrence of SREs events, the control of bone
metastases often requires comprehensive treatment rather than a
single therapeutic measure, and the treatment usually includes
multiple treatment measures such as radiotherapy, chemotherapy,
surgical treatment, immunotherapy, and palliative care. Combination
therapy with denosumab is therefore a major clinical issue, most
notably denosumab in combination with immunotherapy (101).
RANKIL, as a bridge between the skeletal and immune systems, will
inevitably crosstalk with the immune system; therefore, the outcomes
arising from the combination of immunotherapy and denosumab
must be seriously considered. Several studies are currently underway
to examine the effects of denosumab monotherapy and combination
immunotherapy to assess whether the combination has a beneficial
effect on progression-free survival and overall survival of
patients (102).

In summary, the bone metastasis of malignant tumors has become
a major challenge in tumor treatment. The various mechanisms
mediating the growth of metastasis and the special skeletal
microenvironment bring great challenges to the treatment of bone
metastasis, and the emergence of denosumab provides a new path for
the treatment of bone metastasis. However, since the understanding of
denosumab is not yet perfect, more research is needed in the future to
explore the great therapeutic potential of denosumab and provide a
more solid and rational basis for clinical use.
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Development and validation of
an ensemble machine-learning
model for predicting early
mortality among patients with
bone metastases of
hepatocellular carcinoma
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Hainan Hospital of People's Liberation Army (PLA) General Hospital, Sanya, China, *Department of
Evaluation Office, Hainan Cancer Hospital, Haikou, China, ¢Department of Orthopaedic Surgery,
Shanghai Sixth People’'s Hospital Affiliated to Shanghai Jiao Tong University, Shanghai, China,
’Department of Orthopedic Surgery, Hainan Hospital of People's Liberation Army (PLA) General
Hospital, Sanya, China, 8Chinese People's Liberation Army (PLA) Medical School, Beijing, China

Purpose: Using an ensemble machine learning technique that incorporates the
results of multiple machine learning algorithms, the study’s objective is to build a
reliable model to predict the early mortality among hepatocellular carcinoma
(HCQ) patients with bone metastases.

Methods: We extracted a cohort of 124,770 patients with a diagnosis of
hepatocellular carcinoma from the Surveillance, Epidemiology, and End
Results (SEER) program and enrolled a cohort of 1897 patients who were
diagnosed as having bone metastases. Patients with a survival time of 3
months or less were considered to have had early death. To compare patients
with and without early mortality, subgroup analysis was used. Patients were
randomly divided into two groups: a training cohort (n = 1509, 80%) and an
internal testing cohort (n = 388, 20%). In the training cohort, five machine
learning techniques were employed to train and optimize models for
predicting early mortality, and an ensemble machine learning technique was
used to generate risk probability in a way of soft voting, and it was able to
combine the results from the multiply machine learning algorithms. The study
employed both internal and external validations, and the key performance
indicators included the area under the receiver operating characteristic curve
(AUROC), Brier score, and calibration curve. Patients from two tertiary hospitals
were chosen as the external testing cohorts (n = 98). Feature importance and
reclassification were both operated in the study.

Results: The early mortality was 55.5% (1052/1897). Eleven clinical characteristics
were included as input features of machine learning models: sex (p = 0.019),
marital status (p = 0.004), tumor stage (p = 0.025), node stage (p = 0.001), fibrosis
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score (p = 0.040), AFP level (p = 0.032), tumor size (p = 0.001), lung
metastases (p < 0.001), cancer-directed surgery (p < 0.001), radiation (p <
0.001), and chemotherapy (p < 0.001). Application of the ensemble model in
the internal testing population yielded an AUROC of 0.779 (95% confidence
interval [Cl]: 0.727-0.820), which was the largest AUROC among all models.
Additionally, the ensemble model (0.191) outperformed the other five
machine learning models in terms of Brier score. In terms of decision
curves, the ensemble model also showed favorable clinical usefulness.
External validation showed similar results; with an AUROC of 0.764 and
Brier score of 0.195, the prediction performance was further improved after
revision of the model. Feature importance demonstrated that the top three
most crucial features were chemotherapy, radiation, and lung metastases
based on the ensemble model. Reclassification of patients revealed a
substantial difference in the two risk groups’ actual probabilities of early
mortality (74.38% vs. 31.35%, p < 0.001). Patients in the high-risk group had
significantly shorter survival time than patients in the low-risk group (p <
0.001), according to the Kaplan—Meier survival curve.

Conclusions: The ensemble machine learning model exhibits promising
prediction performance for early mortality among HCC patients with bone
metastases. With the aid of routinely accessible clinical characteristics, this
model can be a trustworthy prognostic tool to predict the early death of those

patients and facilitate clinical decision-making.

KEYWORDS

bone metastases, machine learning, ensemble model, early mortality,
hepatocellular carcinoma

Introduction

Primary liver cancer is the most frequent cause of cancer-related
death in most regions of the world, and it is predicted to be the sixth
most prevalent cancer worldwide in terms of incidence and
mortality in 2020, with up to 906,000 new cases and 830,000
deaths (1). Hepatocellular carcinoma (HCC) is the most common
type of liver cancer, and it accounted for 75% to 85% of all cases.
Additionally, incidence and mortality are continually rising in
many nations (2), and many HCC patients are still at an
advanced stage when they are diagnosed (3). Viral hepatitis B and
C and cirrhosis, fatty liver disease and diabetes, alcohol, and
aflatoxin and aristolochic acid are among the main risk factors
for HCC (3). Although the survival prognosis for HCC patients has
improved significantly over the past 20 years, thanks to treatments,
it is still unsatisfactory, with a median overall survival of only 16.5 to
16.2 months and a median progression-free survival of 5.6 to 5.7
months (4). Additionally, the 5-year survival rate remains less than
20% because of the high recurrence rate (5).

With the improvement of prognosis among HCC patients in
recent years due to novel imaging techniques and multidisciplinary
therapies, extrahepatic metastases now occur more frequently (6).
The bone is a common extrahepatic metastatic site, and the
prevalence ranged from 2.0% to 25.0% among patients with HCC
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(7, 8). Additionally, bone metastasis was responsible for 32.5% to
57.0% of all distant metastasis in HCC patients (9). HCC patients
with bone metastases often had expansive soft tissue masses with
severe osteolytic bone destruction and this may be explained by the
theory of premetastatic niche (10, 11). Regarding prognosis, bone
metastasis was a significant risk for survival outcome among HCC
patients, and the median survival time was only 2.8-3.3 months
among HCC patients with bone metastases (12, 13). The prognosis
of those individuals may be improved by tailored therapy, and in
order to implement individualized therapy, prediction models for
evaluating the survival outcome among HCC patients with bone
metastases must be developed.

A number of risk factors, including marital status (14), primary
tumor surgery (14), Child-Pugh grade (15, 16), T stage (15),
performance status, radiotherapy (17), the presence of ascites at
the initial presentation (18), and the number of skeletal metastases
(16), have been found to be significantly associated with the survival
outcome of HCC patients with bone metastases. The establishment
of survival prediction models for HCC patients with bone
metastases is facilitated by these risk variables. Nevertheless,
confounding factors that offer nonlinear influences and pose
issues frequently have an impact on the survival prediction of
patients with bone metastases. It should be noted that using
machine learning techniques, this issue can be readily solved (19).
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Given the poor survival prognosis among those patients, short-term
survival forecasting is crucial to create better plans and more
appropriate responses. Therefore, this study aims to construct an
accurate model to predict the early mortality (three-month
mortality) among HCC patients with bone metastases using an
ensemble machine learning technique that aggregated the results of
multiple machine learning algorithms.

Methods
Data source and eligibility criteria

We extracted data from the Surveillance, Epidemiology, and
End Results (SEER) Program. SEER is a large oncologic database
which collects information on cancer diagnoses and survival for
about 30% of the US population with the effort to reduce the cancer
burden. We completed the registration form to obtain SEER*Stat
(version 8.4.0.1) after reading and signing the Terms of Use
Agreement. This software provides us with interface to access to
the SEER database and download corresponding data.

Between January 1, 2000, and December 31, 2019, patients with
histologically confirmed HCC were included for the analysis. The
exclusive criteria were as follows (1): Patients did not have bone
metastases (2); Patients younger than 18 years old (3); Patients did
not have the histological diagnosis of adenomas and adenocarcinomas
(4); Patients whose causes of death were missing or unknown (5);
Patients were alive or dead of other reason (not attributable to liver
cancer) with a follow-up interval of only three or less months; and (6)
Patients whose survival time was unknown. Complete data were
required for stage and liver cancer-specific mortality, and censoring
was derived from the vital status recode.

All enrolled patients from the SEER database were divided into
two groups: a model training cohort (n = 1509, 80%) and a model
testing cohort (n = 388, 20%). The model testing cohort was
regarded as the internal testing cohort, and the eligible patients
from Hainan Hospital of Chinese PLA General Hospital (Sanya)
and Hainan Cancer Hospital (Haikou) were served as the external
testing cohort (n = 98). When users access to the SEER database, it
is unnecessary to obtain formal ethics approval, since it is covered
by its open access policy. This study was approved by the Hainan
Hospital of Chinese PLA General Hospital and patients gave
informed oral consent prior to data collection.

Variable collection

Age, sex, race, marital status, tumor (T) stage, node (N) stage,
fibrosis score, alpha fetoprotein (AFP) level, tumor size, brain
metastases, liver metastases, lung metastases, surgery of lymph,
cancer-directed surgery, radiation, and chemotherapy were all taken
out of the SEER database. Patients having a survival interval of three
months or less were considered to have experienced early mortality.
Cancer-specific death was recorded and used in the study. In terms
of American Joint Committee on Cancer and Extent of Disease
classification, T and N stages were used for analysis. Race was
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divided into black, white, others, and unknown, the others of race
included American Indian, AK Native, Asian, and Pacific Islander.

Model training

Selection of model features was determined by subgroup analysis of
clinical characteristics in the training group, and significant variables
were included as the input features of model building. Five machine
learning techniques, including an artificial neural network, gradient
boosting decision tree, eXGBoosting machine, decision tree, and
support vector machine, were investigated in the study to construct
an ensemble machine learning model. Each model received the same
input features. These models are widely used for binary classification
issues in the field of medicine, and this study chose a wide range of
models to reflect this. To further explain, gradient boosting decision
tree frequently conducts well with risk classification, but an ensemble
was introduced to further improve model robustness in the study.
Combining the outputs of the artificial neural network, gradient
boosting decision tree, eXGBoosting machine, decision tree, and
support vector machine, ensemble machine learning can use models
created by numerous machine learning techniques to make predictions.
Particularly, ensemble models frequently produce superior predicting
performance than individual machine learning models (20, 21). Broad
upper and lower bounds were applied to grid and random
hyperparameter searches to explore the optimal hyperparameters,
and the area under the receiver operating characteristic curve
(AUROC) was the primary metric to evaluate the prediction
performance after the optimal hyperparameters were finally
determined, helping to largely avoid underfitted and
overfitted conditions.

Model validation

The AUROC was calculated for model discrimination during
model evaluation. The models’ capacity for discrimination refers to
their power to discern between favorable and unfavorable outcomes.
The density probability curve and discrimination slope were used in the
analysis as additional indicators showing model discrimination. Brier
score and visual examination of calibration plots were used to evaluate
model calibration, which reflects the consistency between anticipated
and observed outcomes. The predicted risk of an event developing vs.
the observed risk were plotted in calibration plots, and the calibration
slope and intercept-in-large were derived for each plot. For each
machine learning model, a clinical net benefit was also calculated
using decision curve analysis; this measure of value was accomplished
by making decisions based on model predictions. For each model,
other key performance measures included specificity, sensitivity,
and accuracy.

Statistical analysis

Using the t-test for continuous variables and chi-square test or
adjusted continuity chi-square test for proportional variables, the
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clinical characteristics between patients in the training and testing
groups were compared. In order to interpret feature contributions,
in terms of the ensemble machine learning model, Shaley Additive
Explanation (SHAP) was utilized. Patients were categorized into
two risk groups using the ensemble machine learning model,
stratified by the ideal cut-off value (threshold). The chi-square
test was used to compare the difference of the actual probability
of developing early mortality among patients in the high- and low-
risk groups. The Kaplan-Meier method and log-rank test were
conducted to create the survival curve among patients stratified by
risk groups. The statistical tools used for these analyses included the
R statistical software (R Project for Statistical Computing, version
4.1.2) and Python (version 3.9.7). Statistical significance was defined
as a two-sided p-value of 0.05.

Results
Process of screening and clinicopathology

The study included 124,770 people with liver cancer in total. A
cohort of 1,897 individuals from the SEER database who had been
histologically determined to have HCC with bone metastases were
included based on the screening criteria (Figure 1). The baseline
clinical characteristics of patients are shown in Table 1. The average
age of the patients was 65.04 (10.20) years, with the majority of them
being men (85.6%), Caucasian (72.6%), and married (46.4%). A large
number of tumors were T3 (29.7%) and NO (62.3%) disease. Up to
62.2% of patients had positive AFP results. In addition to bone
metastases, brain metastases, liver metastases, and lung metastases
accounted for 3.2%, 7.2%, and 23.0%, respectively, indicating

Liver cancer patients
from SEER database
n=124770

Excluded

+ Patients without bone metastases
(n=121704)

« Patients with age of less than 18 years (n=7)

« Patients with missing data of TNM stage
(n=944)

« Patients without adenomas and
adenocarcinomas (n=13)

« Patients with missing or unknown cause of
death (n=31)

« Patients were alive or dead of other reason
(not attributable to this cancer) with a follow-
up of only 3 or less months (n=170)

« Patients with unknown survival months (n=4)

Derivation cohort
(n=1897)

{ 1

Training cohort Internal testing cohort
(n=1509) (n=388)
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FIGURE 1

Flow chart outlining patient’s enrollment, study design, and
ensemble machine learning technique.
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relatively heavy metastatic illness. Only 2.6% of patients received
cancer-specific surgery, while 0.6% of patients underwent lymph
node surgery. In the entire cohort of patients, 39.7% patients received
radiation and 38.7% patients had chemotherapy. There were 55.5% of
patients who had events (early mortality from HCC). The median
survival time was 3.0 months (range: 0.0-98.0 months).

Development of the ensemble model

A comparison of clinical characteristics was operated between
patients in the training and internal testing cohort, and it
demonstrated that the two cohorts were comparable because no
significant difference was found in the distribution of the clinical
characteristics (Table 2). In the training cohort, the study found that
early mortality patients in the training cohort were more likely to be
men (p = 0.019), single (p = 0.004), with advanced T (p = 0.025) and
N (p = 0.001) stage, unknown fibrosis score (p = 0.040), positive
AFP level (p = 0.032), larger tumor size (p = 0.001), lung metastases
(p < 0.001), less cancer-directed surgery (p < 0.001), less radiation
(p < 0.001), and less chemotherapy (p < 0.001), whereas other
clinical characteristics were insignificant (Table 3). Thus, in order to
train and improve the models, the aforementioned 11 clinical
criteria were used, and the best hyperparameters were found after
grid and random hyperparameter searches for each model
(Table 4). At last, the ensemble machine learning model was
developed in a soft-voting method to combine the results from
the five machine learning algorithms in the study, including the
artificial neural network, gradient boosting decision tree,
eXGBoosting machine, decision tree, and support vector machine.

Validation of the ensemble model

Internal validation of the model was operated in the internal testing
cohort, and external validation was performed in the external testing
cohort. The baseline characteristics of the external testing cohort are
shown in Supplementary Table 1. Application of the ensemble model
in the internal testing population yielded an AUROC of 0.779 (95% CI:
0.727-0.820) (Figure 2), which was the largest AUROC among all
models, suggesting optimal discrimination in the study. The neural
network model had the second-highest AUROC, which was 0.777
(95% CI: 0.730-0.823), and was followed by the eXGBoosting machine
model. The external validation showed the AUROC of the ensemble
model was 0.764 (95% CI: 0.642-0.886) (Supplementary Figure 1).
Each model’s probability density curve is shown in Figure 3, which
reveals that most models exhibited favorable discrimination with a
sizable portion of separation. The similar trend of density curve was
also observed in the external validation according to the ensemble
model (Supplementary Figure 2). The majority of models displayed
positive discrimination, as shown by the calculation of the
discrimination slope, which was defined as the mean difference
between actual and observed risk probabilities of occurrences
(Supplementary Figure 3). External validation elucidated that the
discrimination slope was also up to 0.211 in the ensemble model
(Supplementary Figure 4). Of note, other machine learning models
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TABLE 1 Baseline clinical characteristics of the entire cohort.

Characteristics
n

Age (mean (SD))

Overall
1897

65.04 (10.20)

10.3389/fonc.2023.1144039

TABLE 1 Continued

Characteristics Overall

Unknown 1396 (73.6)

Brain metastases (%)

Sex No 1764 (93.0)
Female 274 (14.4) Unknown 72 (3.8)
Male 1623 (85.6) Yes 61 (3.2)

Race (%) Liver metastases (%)

Black 279 (14.7) No 1690 (89.1)
Others 234 (12.3) Unknown 70 (3.7)
Unknown 7 (0.4) Yes 137 (7.2)
White 1377 (72.6) Lung metastases (%)

Marital status (%) No 1388 (73.2)
Married 881 (46.4) Unknown 72 (3.8)
Others 474 (25.0) Yes 437 (23.0)
Single 443 (23.4) Surgery of lymph (%)

Unknown 99 (5.2) Yes 12 (0.6)

T stage (%) None/unknown 1885 (99.4)
TO 20 (1.1) Cancer-directed surgery (%)

T1 435 (22.9) Yes 49 (2.6)
T2 241 (12.7) None/unknown 1848 (97.4)
T3 564 (29.7) Radiation (%)

T4 171 (9.0) Yes 753 (39.7)
TX 466 (24.6) None/unknown 1144 (60.3)

N stage (%) Chemotherapy (%)

NO 1181 (62.3) Yes 734 (38.7)
N1 362 (19.1) None/unknown 1163 (61.3)
NX 354 (18.7) Early death (%)

Fibrosis score (%) Yes 1052 (55.5)
Ishak 0-4 59 (3.1) No 845 (44.5)
Ishak 5-6 254 (13.4) SD, Standard deviation; T, tumor; N, node; AFP, alpha fetoprotein.

Unknown 1584 (83.5) produced a higher Brier score than the ensemble machine learning

AFP level (%) model, indicating a bigger prediction error. Table 5 summarizes

additional indicators in greater detail. Calibration plots are displayed

Negative 239 (12.6) . . . .
in Figures 4, 5 shows the decision curve for each model in the study,
Positive 1179 (62.2) showing that models, in particular the ensemble machine learning
Unknown 479 (25.3) model, had good clinical usefulness. The calibration plot of the
) ensemble model in the external validation is shown in

Tumor size (mm, %) . L.

Supplementary Figure 5. It showed the calibration curve was not
Less than 45 105 (5.5) close to the ideal reference line, although the calibration slope was
46-85 143 (7.5) near to 1. To further improve the calibration of the ensemble model, we
revised the model via subtracting 20.0% in each predicted risk of early
More than 86 253 (13.3) . X . . .
mortality. Thus, the new revised calibration plot was provided
(Continued)
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TABLE 2 Clinical characteristics among patients stratified by the splitting group.

Characteristics

10.3389/fonc.2023.1144039

Training cohort Internal testing cohort p
n 1509 388
Age [mean (SD)] 64.98 (10.23) 65.28 (10.07) 0.608
Sex (%) 0.681
Female 221 (14.6) 53 (13.7)
Male 1288 (85.4) 335 (86.3)
Race (%) 0.978
Black 222 (14.7) 57 (14.7)
Others 185 (12.3) 49 (12.6)
Unknown 6 (0.4) 1(0.3)
White 1096 (72.6) 281 (72.4)
Marital status (%) 0.399
Married 694 (46.0) 187 (48.2)
Others 390 (25.8) 84 (21.6)
Single 348 (23.1) 95 (24.5)
Unknown 77 (5.1) 22 (5.7)
T stage (%) 0.821
TO 15 (1.0) 5 (1.3)
Tl 343 (22.7) 92 (23.7)
T2 187 (12.4) 54 (13.9)
T3 456 (30.2) 108 (27.8)
T4 140 (9.3) 31 (8.0)
X 368 (24.4) 98 (25.3)
N stage (%) 0.435
NO 948 (62.8) 233 (60.1)
N1 288 (19.1) 74 (19.1)
NX 273 (18.1) 81 (20.9)
Fibrosis score (%) 0.184
Ishak 0-4 45 (3.0) 14 (3.6)
Ishak 5-6 192 (12.7) 62 (16.0)
Unknown 1272 (84.3) 312 (80.4)
AFP level (%) 0.353
Negative 189 (12.5) 50 (12.9)
Positive 928 (61.5) 251 (64.7)
Unknown 392 (26.0) 87 (22.4)
Tumor size (mm, %) 0.063
Less than 45 92 (6.1) 13 (3.4)
46-85 114 (7.6) 29 (7.5)
More than 86 190 (12.6) 63 (16.2)
Unknown 1113 (73.8) 283 (72.9)
(Continued)
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TABLE 2 Continued

Characteristics

Training cohort

10.3389/fonc.2023.1144039

Internal testing cohort

Brain metastases (%) 0.707
No 1400 (92.8) 364 (93.8)
Unknown 60 (4.0) 12 (3.1)
Yes 49 (3.2) 12 (3.1)

Liver metastases (%) 0.563
No 1343 (89.0) 347 (89.4)
Unknown 59 (3.9) 11 (2.8)
Yes 107 (7.1) 30 (7.7)

Lung metastases (%) 0.797
No 1106 (73.3) 282 (72.7)
Unknown 59 (3.9) 13 (3.4)
Yes 344 (22.8) 93 (24.0)

Surgery of lymph (%) 1.000
Yes 10 (0.7) 2 (0.5)
None/unknown 1499 (99.3) 386 (99.5)

Cancer-directed surgery (%) 0.206
Yes 43 (2.8) 6 (1.5)
None/unknown 1466 (97.2) 382 (98.5)

Radiation (%) 0.863
Yes 597 (39.6) 156 (40.2)
None/unknown 912 (60.4) 232 (59.8)

Chemotherapy (%) 0.873
Yes 582 (38.6) 152 (39.2)
None/unknown 927 (61.4) 236 (60.8)

Early death (%) 0.516
Yes 843 (55.9) 209 (53.9)
No 666 (44.1) 179 (46.1)

SD, Standard deviation; T, tumor; N, node; AFP, alpha fetoprotein.

of the model was further improved. In addition, the AUROC, Baier
score, and calibration slope were all improved after the revision of
model (Table 5). Based on the above findings, although the decision
tree had the poorest prediction performance based on the AUROGC, it
still had advantages based on the intercept-in-large (-0.065) and
specificity (0.810). The intercept-in-large was very near to 0, and the
specificity was the highest, among all machine learning models. Thus,
the decision tree model was also included to develop the ensemble
machine learning model. The study found that the top three important
features included chemotherapy, radiation, and lung metastases
(Figure 6), according to feature importance analysis using the
ensemble machine learning model.
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Risk category

Reclassification of patients was conducted using the ensemble
machine learning model’s threshold of 54.1%. The low-risk group
included patients with a forecasted risk probability of 54.1% or less,
whereas the high-risk group included patients with a predicted risk
probability of more than 54.1%. The actual probability of early
mortality was significantly different between the two risk groups (p <
0.001, Table 6). The Kaplan-Meier survival curve also showed that
patients in the high-risk group had significant shorter survival time in
comparison to patients in the low-risk group (p < 0.001, log-rank test,
Supplementary Figure 7).
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TABLE 3 Clinical characteristics among patients stratified by early death in the training cohort.

Early death
Characteristics Overall
n 1509 666 843
Age [mean (SD)] 64.98 (10.23) 65.07 (10.08) 64.92 (10.35) 0.779
Sex (%) 0.019
Female 221 (14.6) 81 (12.2) 140 (16.6)
Male 1288 (85.4) 585 (87.8) 703 (83.4)
Race (%) 0.668
Black 222 (14.7) 98 (14.7) 124 (14.7)
Others 185 (12.3) 74 (11.1) 111 (13.2)
Unknown 6 (0.4) 3(0.5) 3(0.4)
White 1096 (72.6) 491 (73.7) 605 (71.8)
Marital status (%) 0.004
Married 694 (46.0) 340 (51.1) 354 (42.0)
Others 390 (25.8) 164 (24.6) 226 (26.8)
Single 348 (23.1) 133 (20.0) 215 (25.5)
Unknown 77 (5.1) 29 (4.4) 48 (5.7)
T stage (%) 0.025
To 15 (1.0) 5(0.8) 10 (1.2)
T1 343 (22.7) 175 (26.3) 168 (19.9)
T2 187 (12.4) 82 (12.3) 105 (12.5)
T3 456 (30.2) 201 (30.2) 255 (30.2)
T4 140 (9.3) 49 (7.4) 91 (10.8)
X 368 (24.4) 154 (23.1) 214 (25.4)
N stage (%) 0.001
NO 948 (62.8) 451 (67.7) 497 (59.0)
N1 288 (19.1) 103 (15.5) 185 (21.9)
NX 273 (18.1) 112 (16.8) 161 (19.1)
Fibrosis score (%) 0.040
Ishak 0-4 45 (3.0) 28 (4.2) 17 (2.0)
Ishak 5-6 192 (12.7) 87 (13.1) 105 (12.5)
Unknown 1272 (84.3) 551 (82.7) 721 (85.5)
AFP level (%) 0.032
Negative 189 (12.5) 100 (15.0) 89 (10.6)
Positive 928 (61.5) 395 (59.3) 533 (63.2)
Unknown 392 (26.0) 171 (25.7) 221 (26.2)
Tumor size (mm, %) 0.001
Less than 45 92 (6.1) 50 (7.5) 42 (5.0)
46-85 114 (7.6) 65 (9.8) 49 (5.8)
More than 86 190 (12.6) 69 (10.4) 121 (14.4)

(Continued)

Frontiers in Oncology 105 frontiersin.org


https://doi.org/10.3389/fonc.2023.1144039
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Long et al.

TABLE 3 Continued

10.3389/fonc.2023.1144039

Early death

Characteristics
Unknown 1113 (73.8) 482 (72.4) 631 (74.9)

Brain metastases (%) 0.519
No 1400 (92.8) 623 (93.5) 777 (92.2)
Unknown 60 (4.0) 25 (3.8) 35 (4.2)
Yes 49 (3.2) 18 (2.7) 31 (37)

Liver metastases (%) 0.071
No 1343 (89.0) 602 (90.4) 741 (87.9)
Unknown 59 (3.9) 28 (4.2) 31 (3.7)
Yes 107 (7.1) 36 (5.4) 71 (8.4)

Lung metastases (%) <0.001
No 1106 (73.3) 556 (83.5) 550 (65.2)
Unknown 59 (3.9) 24 (3.6) 35 (4.2)
Yes 344 (22.8) 86 (12.9) 258 (30.6)

Surgery of lymph (%) 0.182
Yes 10 (0.7) 7 (1.1) 3 (0.4)
None/unknown 1499 (99.3) 659 (98.9) 840 (99.6)

Cancer-directed surgery (%) <0.001
Yes 43 (2.8) 36 (5.4) 7 (0.8)
None/unknown 1466 (97.2) 630 (94.6) 836 (99.2)

Radiation (%) <0.001
Yes 597 (39.6) 376 (56.5) 221 (26.2)
None/unknown 912 (60.4) 290 (43.5) 622 (73.8)

Chemotherapy (%) <0.001
Yes 582 (38.6) 409 (61.4) 173 (20.5)
None/unknown 927 (61.4) 257 (38.6) 670 (79.5)

SD, Standard deviation; T, tumor; N, node; AFP, alpha fetoprotein.

Discussion

This study constructed a model to predict early mortality
among HCC patients with bone metastases, and the model was
developed using the ensemble machine learning technique that
combined the results of multiple machine-learning algorithms,
including an artificial neural network, gradient boosting decision
tree, eXGBoosting machine, decision tree, and support vector
machine. The ensemble model outperformed other algorithms in
terms of both discrimination and calibration, as evidenced by its
greatest AUROC and lowest Brier score. This model might be a
helpful predictive tool to determine the likelihood that these
individuals would develop early death and to aid in therapeutic
decision-making.

In HCC patients with bone metastases, the early mortality rate
was 55.5%, showing a comparatively high rate of early death in these
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patients. According to current literature, the median survival period
was only about 2.8 to 3.3 months among HCC patients with bone
metastases (12-14). In the present study, the median survival time
was 3.0 months (range: 0.0-98.0 months), and this number was
consistent with other studies (12-14). But a retrospective study
which was conducted by Hirai et al. (8) reported that the median
survival was up to 11.07 months after the diagnosis of bone
metastases among HCC patients. In addition, a study with small
sample size found that the median survival time was 10.0 months
among patients with skeletal metastases due to HCC after surgical
treatment (16). After analyzing 37 HCC patients with bone
metastases, Kim et al. showed that the median survival was 6.2
months (18). The incidence of early death was 26.5% in the external
testing cohort, and this number was significantly lower than that in
the cohort from the SEER database. The difference might be that the
external testing cohort had a significantly higher rate of cancer
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TABLE 4 Models and their hyperparameters.

10.3389/fonc.2023.1144039

Models Hyperparameters

Neural
Network

Gradient
Boosting
Decision
Tree

MLPClassifier (alpha=1e-05, hidden_layer_sizes=100, random_state=42)

GradientBoostingClassifier (max_depth=1, max_features=‘auto’, min_samples_leaf=186, min_samples_split=179, n_estimators=102, random_state=42)

XGBClassifier (base_score=0.5, booster="gbtree’, colsample_bylevel=1, colsample_bynode=1, colsample_bytree=1, enable_categorical=False, gamma=0,

eXGBoosting
Machine

gpu_id=-1, importance_type=None, interaction_constraints=", learning_rate=0.125, max_delta_step=0, max_depth=75, min_child_weight=56,
missing=nan, monotone_constraints="()’, n_estimators=36, n_jobs=8, num_parallel_tree=1, predictor="auto’, random_state=42, reg_alpha=0,

reg_lambda=1, scale_pos_weight=1, subsample=1, tree_method="exact’, use_label_encoder=False, validate_parameters=1, verbosity=None)

Decision
Tree

Support
Vector
Machine

surgery (43.9% vs. 2.6%) and chemotherapy (67.3% vs. 38.7%), as
compared to the patients from the SEER cohort. In addition, HCC
patients with bone metastases from the SEER database were initially
diagnosed, whereas in the external testing cohort HCC patients who
later developed bone metastases after initial HCC diagnosis were
enrolled for analysis. The aforesaid discrepancy may be explained
by the small size of the study sample and the population variability.

Numerous researches have looked into the potential risk and
protective factors for determining the likelihood that HCC patients
with bone metastases would survive. For instance, Guo et al. (14)
revealed that married status was independently associated with
better survival outcome among HCC patients with bone metastases
at initial diagnosis after analyzing 1567 cases from the SEER
database. Japanese researchers showed that age of more than 75

1.00-

0.75-

Sensitivity
o
3

0.00-
1.00 0.75

FIGURE 2

DecisionTreeClassifier (max_depth=24, max_features="auto’, min_samples_leaf=100, min_samples_split=173, random_state=42)

SVC (C=0.09837555188414593, gamma=0.11638567021515211, probability=True)

years, hepatitis C-virus etiology, and Child-Pugh class B/C were
significantly relevant to a worse survival outcome after enrolling 76
patients, and the study also pointed out that pathological fracture or
paralysis had no impact on the survival (8). In addition, Honda et al.
(15) also demonstrated that Child-Pugh grade and T stage were
correlated with overall survival among 99 HCC patients with bone
metastases. In a retrospective study of 42 cases, the number of bone
metastases and Child-Pugh class were found as independent
prognostic factors. However, In a retrospective study of 37 HCC
patients presenting with bone metastases, it showed that the
presence of ascites was the sole risk factor for survival, while
other variables, such as age, gender, performance status, Child-
Pugh class, AFP, and treatment for HCC were insignificant (18).
Regarding therapeutic approaches, primary tumor surgery (14),

Models

— Neural Network (0.777)

— Gradient Boosting Decision Tree (0.769)
eXGBoosting Machine (0.773)

— Decision Tree (0.718)

—— Support Vector Machine (0.769)

— Ensemble (0.779)

0.50 0.00

Specificity

The receiver operating characteristic curves for the machine learning models in the internal testing cohort.
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FIGURE 3
Density cures of the machine learning models in the internal testing cohort. (A) Neural network; (B) gradient boosting decision tree; (C) eXGBoosting
machine; (D) decision tree; (E) support vector machine; (F) ensemble model.

TABLE 5 Key performance indicators of models.

Baier Intercept-in- Calibration o o
Models P Specificity = Sensitivity = Accuracy Threshold
score large slope
0.777 (0.730-
Neural Network 0.823) 0.192 -0.019 0.875 0.721 0.742 0.732 0571
Gradient Boosti 0.769 (0.722-
racient Soosting ¢ 0.194 -0.107 1016 0.715 0.727 0.722 0.578
Decision Tree 0.817)
0.773 (0.727-
eXGBoosting Machine 0 8(20) 0.194 -0.096 1.021 0.760 0.679 0.716 0.624
. 0.718 (0.668-
Decision Tree 0.769) 0.206 -0.065 1.056 0.810 0.603 0.698 0.587
. 0.769 (0.723-
Support Vector Machine 0816) 0.196 0.918 -0.032 0.799 0.612 0.698 0.669
. 0.779 (0.733-
Ensemble 0.191 -0.091 1.104 0.709 0.732 0.722 0.541
0.825)
764 (0.642—
Ensemble” 0 760 ;;; 0.195 -1.022 1.083 0.778 0.692 0.755 0.549
. 0.778 (0.658-
Ensemble 0.887) 0.159 -0.064 0.999 0.778 0.692 0.755 0.349

AUROC, Area under the receiver operating characteristic curve.
“indicates internal testing cohort;

“indicates external testing cohort;

“indicates external testing cohort after model revision.
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Calibration plots of the machine learning models in the internal testing cohort. (A) Neural network; (B) gradient boosting decision tree; (C)
eXGBoosting machine; (D) decision tree; (E) support vector machine; (F) ensemble model

chemotherapy (12), radiation (17), and palliation care (17) were
proved to be beneficial for survival outcome among those patients.
In the present study, feature importance demonstrated that the top
three most important features were chemotherapy, radiation, and
lung metastases, and the impact of the three clinical characteristics
on survival has been confirmed in previous studies (22).
Chemotherapy and radiation were protective factors for early
death. In addition, among HCC patients, lung metastases showed
a worse prognosis than bone metastases (6), demonstrating that
lung metastases had a significant negative impact on survival.

For patients with HCC, a number of survival prediction models
have been put forth to forecast the outcome of survival. For
example, Liang et al. (23) used the Cancer Genome Atlas cohort
to construct a survival prediction model for HCC patients utilizing
10 ferroptosis-related genes, and the International Cancer Genome
Consortium cohort to validate the model. The AUROC for
estimating 1-year survival was 0.68, 2-year survival was 0.69, and
3-year survival was 0.72. Yan et al. (24) established a survival
prediction model after analyzing 3620 patients with early HCC
and the model consisted of eight variables including age, race, grade,

Frontiers in Oncology

T stage, surgery, chemotherapy, tumor size, and marital status. The
3- and 5-year AUROC were 0.767 and 0.766, respectively. More
recently, after enrolling 2514 HCC patients in a multicenter
database, a nomogram prediction model for survival was
proposed using eight clinical characteristics for patients with and
without adjuvant transcatheter arterial chemoembolization, and
validation of the nomogram showed that the C-index was slightly
above 0.75 (25). Liu et al. (26) developed a radiomics nomogram to
predict the overall survival of HCC patients after hepatectomy. To
begin with, this study constructed a radiomics signature in terms of
seven overall survival related texture parameters, and then the
radiomics signature incorporating with other four clinical
characteristics (AFP, platelet-to-lymphocyte ratio, tumor size, and
microvascular invasion) was used to develop the radiomics
nomogram. The radiomics nomogram had an AUROC value of
0.747 in the training cohort and 0.777 in the validation cohort.
However, studies on developing survival prediction specifically
among HCC patients with bone metastases were scarce. To our
knowledge, this study was the first to construct an accurate model to
predict early mortality specifically among HCC patients with bone
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TABLE 6 Risk stratification of patients in the internal validation cohort based on the ensemble model.

Observed risk

Predicted risk

Risk group Patients (n = 388)
Low risk (<0.541) 185
High risk (>0.541) 203

metastases using the ensemble machine learning technique, and this
technique was able to combine the results of multiple machine-
learning algorithms. Of note, the ensemble model had favorable
discrimination and calibration in terms of AUROC (0.779) and
Brier score (0.191), respectively. Notably, as compared to the
AUROC in the above studies, our study had the highest AUROC,
suggesting the accuracy of the prediction model was favorable.

Reclassification of patients showed that actual probability of
early mortality was significant difference between the two risk
groups (74.38% vs. 31.35%, p < 0.001). To be specific, patients in
the high-risk group were 2.37 times more likely to suffer early death
as compared to patients in the low-risk group. The Kaplan-Meier
survival curve also demonstrated that patients in the high-risk
group had significant shorter survival time in comparison to
patients in the low-risk group. Patients in the high-risk group
may therefore require greater care. Surgery may not be advised
for those individuals because they were at a high danger of passing
away within 3 months, would not have enough time to recuperate
from surgery, and had slim prospects of ever benefiting from it. In
addition, a multidisciplinary cooperation was recommended to
manage HCC patients with bone metastases due to its complexity
(11), and if there were no specifically targeted drugs, the therapeutic
aim of treatments is directed at palliation of symptoms (11).

Limitations

The restrictions of this study are outlined below: (1) Because some
clinical criteria, such as Child-Pugh grade, are not available in the SEER
database, this study’s selection of variables is constrained. (2) The
information that was taken from the SEER database was on the
condition at the time of the initial diagnosis, suggesting that bone
metastases that occur in the later stages may not have been
documented. (3) The model showed positive predictive performance
in both the internal and external validation, but additional external
validation is still needed to increase the model’s generalizability.

Conclusions

In conclusion, the ensemble machine learning model shows
promising prediction performance for early mortality among HCC
patients with bone metastases. This model can be a prognostic tool
to predict the survival outcome of those patients and facilitate
clinical decision-making. Surgery might not be advised for patients
in the high-risk group because they had a high chance of passing
away within 3 months. For a subset of patients, chemotherapy,
radiation therapy, and the avoidance or treatment of lung
metastases are advised due to their positive effects on survival.
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34.52% 31.35%

<0.001

74.11% 74.38%
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The receiver operating characteristic curve for the ensemble model in the
external testing cohort.

SUPPLEMENTARY FIGURE 2
Density cure for the ensemble model in the external testing cohort.
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Objectives: To explore the direct and indirect heat damage zone of
radiofrequency ablation (RFA) in porcine vertebrae and to verify the safety of
RFA in a vascularized vertebral tumor model.

Methods: RFA was performed in the porcine lumbar vertebrae. Magnetic
resonance (MR) imaging, hematoxylin and eosin (HE), and terminal
deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) were used to
assess the extent of direct and indirect injuries after RFA. The cavity of lumbar
vertebrae was made, and the adjacent muscle flap was used to fill the cavity to
make a vertebrae tumor model. RFA was performed in the vascularized vertebral
tumor model.

Results: T1-weighted images showed a hypointensive region in the center
surrounded by a more hypointensive rim on day 0 and 14. T2-weighted
images showed that RFA zone was hypointensive on day 0. On day 7,
hypointensity was detected in the center surrounded by a hyperintensive rim.
HE showed that the RFA zone could be clearly observed on day 14. Thin bone
marrow loss areas were seen around the RFA zone, which was consistent with
the hyperintensive rim on the T2-weighted images. TUNEL showed a large
number of apoptotic cells in the RFA zone. During RFA in the vertebral tumor
model, the temperature of all monitoring positions was less than 45 °C.

Conclusion: Using in vivo experiments, the effective zone of RFA was evaluated
by MR imaging and pathology, and the direct and indirect damage range were
obtained. The safety of RFA was verified by RFA in a vascularized vertebral
tumor model.

KEYWORDS

radiofrequency ablation, vertebrae, tumor model, direct damage, indirect damage

Abbreviations: RFA, Radiofrequency ablation; MRI, Magnetic resonance imaging; CT, Computed
tomography; L, Lumbar vertebra; HE, Hematoxylin and eosin; TUNEL, Terminal deoxynucleotidyl
transferase dUTP nick end labelling; EDTA, Ethylene Diamine Tetraacetic Acid.
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Introduction

Bone is the third most common metastasis site in all cancer
patients, and the spine is the most common metastasis site. Of
patients with a malignant tumor, 10-40% will eventually have spinal
metastasis (1-3). Spinal metastasis often leads to neurological
dysfunction, sphincter dysfunction, hypercalcemia, pathological
fracture, and even paralysis (4). In addition to systemic treatment,
the main purpose of spinal metastases treatment is to minimize pain,
maintain mechanical stability, and improve the quality of life.
Although the main method for the treatment of painful bone
metastasis is radiotherapy, the pain relief after radiotherapy may be
partial, delayed, and temporary (5). Pain caused by spinal metastases is
usually not effectively alleviated by systemic therapy such as
chemotherapy, hormone therapy, radiotherapy, and bisphosphonates
(6). In the past decade, RFA has developed rapidly in the treatment of
spinal metastases, and its efficacy has been recognized (7-9).

RFA has been widely used as a minimally invasive treatment in
bone metastases, especially in palliative pain treatment of the spine,
pelvis, long bone, etc. (10, 11). The molecular oscillation of charged
tissue in the RFA zone produces friction heat, which leads to
coagulation necrosis of the tumor (11-13). When the temperature
of RFA reaches 45°C, irreversible necrosis can occur within a few
hours. When the temperature reaches 50-55°C, irreversible cell
damage can occur within 4-6 minutes. When the temperature
reaches 60-100°C, protein coagulation necrosis occurs
immediately. When the temperature reaches 100-110°C, the tissue
will be carbonized and vaporized (14).

RFA can effectively kill tumor cells without damaging the stability
of the vertebra, thereby reducing the risk of pathological fracture.
Several studies have demonstrated that percutaneous RFA is a safe
technique that can be very effective in relieving pain in patients with
spinal metastases (15-18). RFA has been widely used in palliative
treatment of spinal metastases, but there are corresponding side effects
of RFA, including bleeding, infection, skin injury, organ injury, spinal
cord, and nerve root injury (19, 20). Several reports evaluated the REFA
damage lesion by MR imaging and HE, and evaluated the safety of
RFA, which has certain guiding significance for the clinical application
of RFA (21, 22). RFA in the treatment of liver tumors, heat injury
includes two stages, direct heat injury and indirect heat injury (23). But
there was no study to further clarify the indirect heat injury of RFA in
vertebral metastases.

Therefore, we need to study the direct and indirect heat damage
zone of RFA in the vertebra. In this study, the damage zone of RFA in
porcine lumbar vertebrae was studied in vivo. The area of coagulation
necrosis was evaluated by MR imaging and HE. TUNEL was used to
evaluate the apoptosis of vertebral cells. The tumor model of vertebra
was constructed to verify the safety of RFA.

Materials and methods

Institutional animal care ethics approval was obtained for the
study. Eight Bama miniature pigs, weighing 35-40 kg, were used in
this study; six pigs were used for RFA in normal vertebrae, and two
pigs were used for RFA in tumor model vertebrae. Tarlov score was
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used to evaluate the walking function of pigs before and after RFA
(24). Tarlov score can be divided into six grades. Grade 0: no activity
of hind limbs, no weight bearing. Grade 1: the hind limbs can move
occasionally but cannot bear weight. Grade 2: the hind limbs move
frequently or forcefully but cannot bear weight. Level 3: the hind
limbs can support the body weight and walk 1-2 steps. Grade 4:
walkable with only mild impairment. Grade 5: normal walking.

Radiofrequency ablation system

RITA ® The 1500x generator (angiodynamics, Inc., Manchester,
Ga., USA) can emit 460khz RF current with a maximum power of
250W. The perfusion pump can continuously infuse normal saline
into the probe to increase the range of RFA. Probe(17g): starburst flex
(uniblade) unipolar perfusion probe. Continuous saline infusion at
the tip of the probe can effectively increase the RFA zone, which has
been approved by FDA for the treatment of bone tumors.

Anesthesia

To begin, sedative drugs were delivered through an
intramuscular injection of Sumianxin (0.2ml/kg) and 3%
phenobarbital (1ml/kg). It took about 5-10 minutes for the pig to
fall asleep. The vein channel was established through the ear vein, and
the intravenous indwelling needle was inserted. 8-10ml of general
anesthesia drug was injected (propofol injection, 2mg/kg, Fentanyl
citrate injection, 2ug/kg, Rocuronium injection, 1mg/kg).
Endotracheal intubation was performed with an insertion depth of
about 28cm. After successful intubation, a ventilator was connected,
and anesthetics were given continuously. The vital signs such as
respiration, heart rate, and electrocardiogram were observed.

Surgery

The Bama miniature pig was fixed on the operating table in a
prone position. The hair of the waist, bilateral thighs, and buttocks
were shaved. Two negative plates were applied to the buttocks and
thighs of the pig. The surgical zone was disinfected with Iodophor,
and sterile operating sheets were laid down. The posterior median
incision of the lumbar spine was made with a length of about 20cm.
The skin, subcutaneous, and fascia were incised to separate the
erector spinae muscle and expose the spinous process, lamina,
articular process, and transverse process of 11-16. Through the
right pedicle approach, the RFA channel was made. The needle
entry point was the intersection of the superior articular process and
transverse process, about the middle line of transverse process, and
the inclination angle was approximately 25 to 30 degrees.

RFA in normal vertebrae

Previous literature reported that the number of lumbar
vertebrae in pigs was 6-7 (25). The experimental animal in this
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study was the Bama miniature pig, and each pig had six lumbar
vertebrae. RFA was performed in L1, L2, L3, L4, and L5 vertebrae of
six Bama miniature pigs, and L5 vertebra was not ablated as control
group. The ablation parameters were set as power 35W,
temperature 70 °C, active tip 1cm, and ablation time 20 minutes.
Thermocouples were placed in the spinal canal, the pedicle hole,
and the anterior edge of the vertebra to monitor the temperature in
real time. MR imaging (GE, 3.0T discovery, MR750) was performed
on 0, 7, and 14 days after RFA. The scanning sequences were T1-
weighted and T2-weighted. In T1-weighted and T2-weighted
images, the longest diameter of RFA was measured.

The three groups of pigs were euthanized at three separate time
points, and then the lumbar vertebrae were taken out. A high-
precision hard tissue slicer was used to cut the vertebrae to obtain a
complete cross-section of the vertebral body. The thickness of the
section was about 2 mm. The maximum diameter of ablation range
of gross specimens was measured. Then the special embedding box
was used for embedding, ethylene diamine tetraacetic acid (EDTA)
was used for decalcification, and the decalcification of samples was
observed regularly. Finally, HE and TUNEL were used to evaluate
the range of RFA. According to the effective range of HE staining,
the maximum diameter of RFA was measured.

RFA in vertebral tumor model

Two Bama miniature pigs were used to make vertebral tumor
models. First, an electric grinding drill was used to grind along L1, L3,
and L5 pedicle direction, and a quasi-circular cavity with a diameter of
about 1.7cm was ground in the upper 1/3 of the vertebra to ensure the
integrity of the surrounding bone. The adjacent erector spinae muscle
was separated to form the adjacent muscle flap with blood supply,
which was filled in the vertebra to construct the vertebral tumor model.
RFA was performed on the vertebral tumor model. The ablation
parameters were set as power 35W, temperature 70°C, needle length
lcm, and ablation time 20 minutes. Temperature measurement points
were arranged in the spinal canal (posterior cortex of vertebra near
spinal cord), nerve root foramen, and anterior edge of vertebral body,
and thermocouples were used to monitor the temperature in real time.

Statistical analysis

IBM SPSS 23.0 statistics software was used for statistical
analysis. The maximum diameters of the RFA zone in MR
imaging, HE, and gross samples were measured. ANOVA was

used for comparison between the three groups, 0:=0.05 was taken
as the test level, and P < 0.05 showed a statistical difference.

Results
Neurological function

In this study, RFA was performed on the lumbar vertebrae of
eight Bama miniature pigs. All Bama miniature pigs were evaluated
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with Tarlov score before and after the experiment to evaluate the
walking function of lower limbs and sphincter function. All pigs
could walk normally after RFA. Tarlov score was 5. No pigs had
sphincter dysfunction.

Gross specimen

On day 0 after RFA, the transverse plane of the vertebrae
showed no significant changes in the RFA zone compared to the
normal vertebrae(Figure 1). On day 14 after RFA, the zone of RFA
in the vertebra showed gray-white changes, with thin layers of gray-
black rim around the center (Figures 1A, B).

MR imaging

The RFA regions were evaluated by coronal plane and axial plane.
T1-weighted images (Figures 2C, I) showed hypointensity in the center
surrounded by a more hypointensive rim on day 0 and 14. T2-
weighted images showed the RFA zone was hypointensive on day 0
(Figures 2A, B). On day 7, the lesion demonstrated hypointensity at the
center with hyperintensity at the periphery on coronal and axial T2WTI
(Figures 2D, E). On day 14, the hyperintensive rim was more obvious
(Figures 2G, H), which was consistent with the hypointensive rim in
T1-weighted images(Figure 2I). Compared with T1-weighted, T2-
weighted images more clearly show the zone of RFA.

HE

On day 0 after RFA, HE showed no significant differences in
trabecular structure, osteoblasts, and marrow composition between
the RFA zone and the normal vertebra (Figure 3). On the 14th day
after RFA, HE showed that the trabecular bone remained intact in
the RFA zone. However, compared with normal vertebra, the bone
marrow in the trabecula was significantly reduced, and the number
of osteoblasts covered by trabecula in the ablation zone was also
significantly reduced, especially in the peripheral zone of RFA. It
formed a circular bone marrow loss zone (Figures 1A, B), which was
consistent with the hyperintensive rim in MR images.

TUNEL

TUNEL was performed on 0 and 14 days after RFA. On day 0,
TUNEL showed that a large number of apoptotic cells existed and
the nuclei of apoptotic cells were green. Apoptotic cells were mainly
distributed around the ablation zone, and were mainly bone
marrow tissue (Figure 4).

RFA diameter measurement

The diameter of RFA was measured in gross specimens, HE, and
MR images. The average diameter in gross specimens was 18.72 +
2.69cm, that in HE was 18.28 + 2.41, and that in MR images was 17.88
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V-

FIGURE 1

The zone of RFA. (A) Radiofrequency ablation (RFA) lesion in vertebra by transverse plane. The zone of RFA in the vertebra showed gray-white changes,
with thin layers of gray-black rim (black arrows) around the center on day 14. (B) Hematoxylin and eosin (HE) showed a clear radiofrequency ablation zone
(black arrows) on day 14. A circular bone marrow deletion zone can be seen around radiofrequency ablation lesion. The trabeculae remained intact, but
the number of bone marrow cells in the trabeculae and the number of osteoblasts covering the trabeculae were significantly reduced, especially in the
surrounding zones (black arrows) of radiofrequency ablation. (C) The zone of radiofrequency ablation was observed at 10X. (D) Normal vertebra.

+ 2.06cm. The three measurement methods were not statistically
significant(P=0.86) (Figure 5). The three measurement methods can
be used as an effective method to measure the range of RFA.

Safety in vertebral tumor model

According to the previous study, muscle was used to fill the
vertebrae to make the vertebral body tumor model (26). In this
study, a grinding drill was applied to the L1, L3, and L5 vertebrae
through the right pedicle to make the cavity (Figures 6A, B), and the
adjacent erector spinae muscle flap was separated, and the vascularized
muscle flap was filled into the vertebrae cavity to make the vertebral

Frontiers in Oncology

body tumor model (Figure 6C). RFA was performed in the tumor
model to monitor the temperature in the spinal canal, nerve root
foramen, and anterior edge of vertebrae (Figure 6D). The temperature
of all monitoring points was within the safe range (Figure 7). The safety
of RFA in a vertebral tumor model was verified.

Discussion

RFA has been widely used in the clinical treatment of spinal
metastases, but the related complications during RFA cannot be
ignored. At present, the research on the distribution of a thermal
field of RFA in vertebra is very limited. In this study, it was found
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Day 7
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Day 14

The image manifestation of a lesion on coronal and axial T2-weighted images (T2WI) and axial T1-weighted images (T1WI) at different time points (day O, 7,
14) after radiofrequency ablation. (A—C) On day O, the lesion showed hypointensity (black arrow) on coronal and axial T2WI and isointensity (black arrow) on
axial TIWI. (D—F) On day 7, the lesion demonstrated hypointensity (Black arrow) at the center with hyperintensity (white arrow) at the periphery on coronal
and axial T2WI and heterogenous intensity at the center with slightly hypointensity at the periphery on axial TIWI (Black arrow). (G-I) On day 14, the
peripheral ring (white arrow) which manifested as hyperintensity on coronal and axial T2WI and hypointensity at the center was clearer than that of day 7.

that the RFA in pig vertebra was safe, and the effective therapeutic
range could be obtained by controlling the parameters of RFA,
including the action temperature, power, action time, and length of
active tip. MR imaging evaluated the zone of RFA in vertebrae. The
area of coagulation necrosis (14 days after REA) can be observed by
HE under the microscope. The area of apoptosis in the vertebrae
can be observed by TUNEL. The direct and indirect damage range
were obtained by MR imaging and HE.

You et al. (27) found that the local temperature around the RFA
zone is inversely proportional to the distance when RFA is performed
in the vertebra in vitro. In general, RFA equipment, relevant
parameters, type of electrode, and conductivity of tumor tissue are
the factors affecting the size of thermal lesions. The RFA electrode used
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in this study is a unipolar perfusion electrode, which is approved by the
FDA and can be used in the treatment of bone tumors. Continuous
drip of normal saline during RFA can increase the conductivity of the
tissue around the electrode. Through continuous perfusion of normal
saline, heat is dissipated to the tissue far from the electrode to enhance
thermal conductivity. Therefore, continuous perfusion during RF
ablation can enhance the ablation effect.

You et al. (27) found that there was a significant positive
correlation between ablation zone and ablation time within a
certain time, meaning a sufficient volume of RF ablation zone can
be produced by adjusting the length of ablation time. In this study, the
active tip was set at 1cm, the ablation temperature was set at 70°C, and
the action time was set at 20min. The radiofrequency ablation in the
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FIGURE 3
HE on day 0. (A) Normal vertebra. (B) Radiofrequency ablation zone

vertebra was enough to ensure that the spinal cord, nerve root, and
other important tissues would not suffer thermal damage, and the
ablation range could be clearly observed through MR imaging.

The zone of ablation was evaluated by means of magnetic
resonance imaging, gross specimens, and histopathological sections.
The size by three means were consistent (28). In this study, the
maximum diameter of pathology can be obtained by thin-layer
sections of gross specimens. However, MR imaging has layer
thickness. The layer thickness of MR images in this study was

3mm, which made it difficult to ensure that the maximum diameter
can be obtained by tomography. Therefore, there will be an error
between MR images and the maximum diameter of pathological
sections, but this error is not statistically significant through statistical
analysis in this study.

In an in vivo experiment, Pezeshki et al. (21) performed RFA of
porcine vertebra, monitored the temperature around the vertebral body
during RFA, and evaluated the neurological function after treatment,
proving that RFA was safe. MR imaging assessments were conducted

10X

FIGURE 4

10X

TUNEL on day 0. (A)TUNEL showed no apoptotic cell in normal vertebra. (B) TUNEL showed a large number of apoptotic cells in the ablation zone
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FIGURE 5

The diameter of radiofrequency ablation (RFA) in gross specimens, Hematoxylin and eosin (HE), and magnetic resonance (MR) imaging. The average
diameter was 18.72 + 2.69cm in gross specimens, 18.28 + 2.41in HE, 17.88 + 2.06cm in MR images.

pre- and posttreatment. RF lesions were apparent in the T2-weighted
sequences, which showed a combination of hypointensive and
hyperintensive regions, often demonstrating a hyperintensive
peripheral rim on day 14. In this study, RFA was performed on
porcine lumbar vertebrae. The effective range of RFA can be clearly
observed on days 0, 7, and 14 in T2-weighted images. The range of RFA
can be more clearly observed on day 14, and there is a hyperintensive
rim, which is consistent with the results of previous literature (21).
Studies have shown that after RFA, in addition to direct
damage, the tissue will still suffer indirect damage after ablation is
stopped (23). Clinical and experimental data showed that the tissue
damage will continue after thermal ablation is stopped (23, 29, 30),
but the mechanism of such damage remains to be studied. Related
studies have reported that after hyperthermia, RFA should be
delayed by 5-7 days to clearly observe the thermal lesion (23).
The indirect injury mechanism may also be related to many factors,
including cell apoptosis, macrophages, cytokine release, and
ischemia-reperfusion injury. The related mechanism of indirect
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injury in vertebra needs to be further studied (23). In this study,
it was found in MR imaging that a hyperintensive rim was observed
around coagulation necrosis on the 7th and 14th days after RFA,
and was clearer on the 14th day. At the same time, the scope of
coagulative necrosis could be clearly observed by HE on 14th day,
and a thin layer of bone marrow loss zone could be observed around
the outermost periphery of coagulative necrosis, which was close to
the hyperintensive rim of MR images. This study considered that
this zone may be the indirect injury zone of RFA in the vertebra.
Spinal metastases are divided into osteogenic type, osteolytic type,
and mixed type. Different types of bone destruction of spinal
metastases have different electrical conductivity in the vertebra.
According to previous studies, the temperature field distribution of
RFA in vertebrae, and many studies were carried out in normal
vertebral bodies (21, 27). Compared with spinal metastases, RFA in
normal vertebral bodies has a large error in evaluating the temperature
field area and safety. Relevant studies have reported that different
vertebral metastasis models were made for RFA research, including
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FIGURE 6

The process of making a vertebral tumor model. (A) The holes were drilled through the pedicle of vertebral with a grinding drill (arrow). (B) The
cavity was made in vertebra (arrow). (C) The adjacent muscle flap was separated (arrow), and the vascularized muscle flap was used to fill the
vertebral cavity. (D) Radiofrequency ablation was performed in the vertebral tumor model (black arrow), and the temperature of the peripheral spinal
cord, nerve root foramen, and anterior edge of vertebra were monitored (arrows) in real time.

filling muscle tissue to simulate metastasis (26, 31). But the tumor is
characterized by rich blood supply, so filling muscle tissue to build a
tumor model lacks this important feature of tumors. In this study, the
vertebral cavity was made, and the adjacent vascularized muscle flap
was separated to fill the cavity to simulate the vertebral tumor.
Compared with previous studies, this model had blood supply, and
the safety of RFA was verified in this vertebral tumor model.

The experimental animal of this study was pig. Compared with
human vertebrae, the vertebrae of pig are smaller. The RFA power
and temperature setting explored in this experiment were safe, but
the relevant parameters need to be reset for RFA in human vertebral
metastases. The experimental results can only be used as a reference.
The action time in this study was 20 minutes. The zone of RFA can
be better evaluated by MR imaging, but the optimal action time
needs more research and further demonstration. Because it was

Frontiers in Oncology

difficult to make a spinal metastasis model in large animals, the zone
of RFA in this study was carried out in normal vertebrae. The actual
ablation range in vertebral tumors may change due to different
tumor tissues.

Conclusion

In this study, RFA was performed on Bama miniature pigs.
Thermocouples were used to monitor the temperature in the spinal
canal, nerve root foramen, and anterior edge of the vertebral body in
real time to verify the safety of RFA. MR imaging and HE methods
were used to evaluate the zone of direct and indirect damage of
RFA. Whether indirect injury can cause thermal injury to the spinal
cord and its mechanism need to be further studied. The model of
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FIGURE 7

Temperature measurement points in spinal canal, nerve root foramen, and anterior edge of vertebrae.

lumbar vertebral tumor was made and RFA of vertebral tumor was
performed to verify the safety, which provides a certain theoretical
basis for the safe and effective development of perfusion electrode
monopole needle in spinal metastasis.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by Tianjin
Medical University Cancer Institute and Hospital. Written
informed consent was obtained from the owners for the
participation of their animals in this study.

Author contributions

All authors listed have made a substantial, direct, and
intellectual contribution to the work and approved it
for publication.

Frontiers in Oncology

Funding

This work was supported by the Science & Technology
Development Fund of Tianjin Education Commission for Higher
Education grant number 2021KJ195.

Acknowledgments

The scientific guarantor of this publication is Prof. Yue Zhu.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

121 frontiersin.org


https://doi.org/10.3389/fonc.2023.1138837
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Zhang et al.

References

1. Greenlee RT, Murray T, Bolden S, Wingo PA. Cancer statistics, 2000. CA Cancer ]
Clin (2000) 50(1):7-33. doi: 10.3322/canjclin.50.1.7

2. Li S, Peng Y, Weinhandl ED, Blaes AH, Cetin K, Chia VM, et al. Estimated
number of prevalent cases of metastatic bone disease in the US adult population. Clin
Epidemiol (2012) 4:87-93. doi: 10.2147/CLEP.S28339

3. Delank KS, Wendtner C, Eich HT, Eysel P. The treatment of spinal metastases.
Dtsch Arztebl Int (2011) 108(5):71-9. doi: 10.3238/arztebl.2011.0071

4. Joaquim AF, Powers A, Laufer I, Bilsky MH. An update in the management of spinal
metastases. Arq Neuropsiquiatr (2015) 73(9):795-802. doi: 10.1590/0004-282X20150099

5. Lutz S, Berk L, Chang E, Chow E, Hahn C, Hoskin P, et al. Palliative radiotherapy
for bone metastases: an ASTRO evidence-based guideline. Int ] Radiat Oncol Biol Phys
(2011) 79(4):965-76. doi: 10.1016/j.ijrobp.2010.11.026

6. Rosenthal D, Callstrom MR. Critical review and state of the art in interventional
oncology: benign and metastatic disease involving bone. Radiology (2012) 262(3):765-
80. doi: 10.1148/radiol. 11101384

7. Ma Y, Wallace AN, Madaelil TP, Jennings JW. Treatment of osseous metastases
using the spinal tumor ablation with radiofrequency (STAR) system. Expert Rev Med
Devices (2016) 13(12):1137-45. doi: 10.1080/17434440.2016.1256772

8. Bagla S, Sayed D, Smirniotopoulos J, Brower J, Neal R], Dick B, et al. Multicenter
prospective clinical series evaluating radiofrequency ablation in the treatment of
painful spine metastases. Cardiovasc Intervent Radiol (2016) 39(9):1289-97.
doi: 10.1007/s00270-016-1400-8

9. Zhang C,Han X, Li L, Zhang C, Ma Y, Wang G. Posterior decompression surgery
and radiofrequency ablation followed by vertebroplasty in spinal metastases from lung
cancer. Med Sci Monit (2020) 26:€925169. doi: 10.12659/MSM.925169

10. Tomasian A, Gangi A, Wallace AN, Jennings JW. Percutaneous thermal ablation
of spinal metastases: Recent advances and review. AJR Am ] Roentgenol (2018) 210
(1):142-52. doi: 10.2214/AJR.17.18205

11. Buscarini L, Rossi S, Fornari F, Di Stasi M, Buscarini E. Laparoscopic ablation of
liver adenoma by radiofrequency electrocauthery. Gastrointest Endosc (1995) 41(1):68—
70. doi: 10.1016/s0016-5107(95)70279-2

12. Kim YS, Rhim H, Lim HK, Choi D, Lee MW, Park MJ. Coagulation necrosis induced
by radiofrequency ablation in the liver: histopathologic and radiologic review of usual to
extremely rare changes. Radiographics (2011) 31(2):377-90. doi: 10.1148/rg.312105056

13. Rosenthal DI, Springfield DS, Gebhardt MC, Rosenberg AE, Mankin HJ.
Osteoid osteoma: percutaneous radio-frequency ablation. Radiology (1995) 197
(2):451-4. doi: 10.1148/radiology.197.2.7480692

14. Tatli S, Tapan U, Morrison PR, Silverman SG. Radiofrequency ablation:
technique and clinical applications. Diagn Interv Radiol (2012) 18(5):508-16.
doi: 10.4261/1305-3825.DIR.5168-11.1

15. Cazzato RL, Garnon J, Caudrelier J, Rao PP, Koch G, Gangi A. Percutaneous
radiofrequency ablation of painful spinal metastasis: a systematic literature assessment
of analgesia and safety. Int J Hyperthermia (2018) 34(8):1272-81. doi: 10.1080/
02656736.2018.1425918

16. Di Staso M, Gravina GL, Zugaro L, Bonfili P, Gregori L, Franzese P, et al.
Treatment of solitary painful osseous metastases with radiotherapy, cryoablation or
combined therapy: Propensity matching analysis in 175 patients. PloS One (2015) 10
(6):e129021. doi: 10.1371/journal.pone.0129021

17. Di Staso M, Zugaro L, Gravina GL, Bonfili P, Marampon F, Di Nicola L, et al. A
feasibility study of percutaneous radiofrequency ablation followed by radiotherapy in

Frontiers in Oncology

122

10.3389/fonc.2023.1138837

the management of painful osteolytic bone metastases. Eur Radiol (2011) 21(9):2004—
10. doi: 10.1007/s00330-011-2133-3

18. Rosian K, Hawlik K, Piso B. Efficacy assessment of radiofrequency ablation as a
palliative pain treatment in patients with painful metastatic spinal lesions: A systematic
review. Pain Physician (2018) 21(5):E467-76. doi: 10.36076/pp;j.2018.5.E467

19. Philip A, Gupta S, Ahrar K, Tam AL. A spectrum of nerve injury after thermal
ablation: a report of four cases and review of the literature. Cardiovasc Intervent Radiol
(2013) 36(5):1427-35. doi: 10.1007/s00270-012-0491-0

20. Nakatsuka A, Yamakado K, Maeda M, Yasuda M, Akeboshi M, Takaki H, et al.
Radiofrequency ablation combined with bone cement injection for the treatment of
bone malignancies. | Vasc Interv Radiol (2004) 15(7):707-12. doi: 10.1097/
01.rvi.0000133507.40193.e4

21. Pezeshki PS, Woo J, Akens MK, Davies JE, Gofeld M, Whyne CM, et al.
Evaluation of a bipolar-cooled radiofrequency device for ablation of bone metastases:
preclinical assessment in porcine vertebrae. Spine J (2014) 14(2):361-70. doi: 10.1016/
j.spinee.2013.08.041

22. Nour SG, Aschoft AJ, Mitchell IC, Emancipator SN, Duerk JL, Lewin JS. MR
imaging-guided radio-frequency thermal ablation of the lumbar vertebrae in porcine
models. Radiology (2002) 224(2):452-62. doi: 10.1148/radiol.2242011269

23. Nikfarjam M, Muralidharan V, Christophi C. Mechanisms of focal heat
destruction of liver tumors. J Surg Res (2005) 127(2):208-23. doi: 10.1016/
1.j$5.2005.02.009

24. Tarlov IM, Klinger H. Spinal cord compression studies. II. time limits for
recovery after acute compression in dogs. AMA Arch Neurol Psychiatry (1954) 71
(3):271-90.

25. Sheng SR, Wang XY, Xu HZ, Zhu GQ, Zhou YF. Anatomy of large animal spines
and its comparison to the human spine: a systematic review. Eur Spine J (2010) 19
(1):46-56. doi: 10.1007/s00586-009-1192-5

26. Groetz SF, Birnbaum K, Meyer C, Strunk H, Schild HH, Wilhelm KE.
Thermometry during coblation and radiofrequency ablation of vertebral metastases:
a cadaver study. Eur Spine J (2013) 22(6):1389-93. doi: 10.1007/s00586-012-2647-7

27. You NK, Lee HY, Shin DA, Choi GH, Yi S, Kim KN, et al. Radiofrequency
ablation of spine: an experimental study in an ex vivo bovine and in vivo swine model
for feasibility in spine tumor. Spine (Phila Pa 1976) (2013) 38(18):E1121-7.
doi: 10.1097/BRS.0b013e31829c2¢12

28. Wallace AN, Hillen TJ, Friedman MV, Zohny ZS, Stephens BH, Greco SC, et al.
Percutaneous spinal ablation in a sheep model: Protective capacity of an intact cortex,
correlation of ablation parameters with ablation zone size, and correlation of
postablation MRI and pathologic findings. AJNR Am ] Neuroradiol (2017) 38
(8):1653-9. doi: 10.3174/ajnr.A5228

29. Wiersinga W], Jansen MC, Straatsburg IH, Davids PH, Klaase JM, Gouma D],
et al. Lesion progression with time and the effect of vascular occlusion following
radiofrequency ablation of the liver. Br J Surg (2003) 90(3):306-12. doi: 10.1002/
bjs.4040

30. NiY, Mulier S, Miao Y, Michel L, Marchal G. A review of the general aspects of
radiofrequency ablation. Abdom Imaging (2005) 30(4):381-400. doi: 10.1007/s00261-
004-0253-9

31. Kawai T, Kaminou T, Sugiura K, Hashimoto M, Ohuchi Y, Adachi A, et al.
Creation of a tumor-mimic model using a muscle paste for radiofrequency ablation of
the lung. Cardiovasc Intervent Radiol (2009) 32(2):296-302. doi: 10.1007/s00270-008-
9463-9

frontiersin.org


https://doi.org/10.3322/canjclin.50.1.7
https://doi.org/10.2147/CLEP.S28339
https://doi.org/10.3238/arztebl.2011.0071
https://doi.org/10.1590/0004-282X20150099
https://doi.org/10.1016/j.ijrobp.2010.11.026
https://doi.org/10.1148/radiol.11101384
https://doi.org/10.1080/17434440.2016.1256772
https://doi.org/10.1007/s00270-016-1400-8
https://doi.org/10.12659/MSM.925169
https://doi.org/10.2214/AJR.17.18205
https://doi.org/10.1016/s0016-5107(95)70279-2
https://doi.org/10.1148/rg.312105056
https://doi.org/10.1148/radiology.197.2.7480692
https://doi.org/10.4261/1305-3825.DIR.5168-11.1
https://doi.org/10.1080/02656736.2018.1425918
https://doi.org/10.1080/02656736.2018.1425918
https://doi.org/10.1371/journal.pone.0129021
https://doi.org/10.1007/s00330-011-2133-3
https://doi.org/10.36076/ppj.2018.5.E467
https://doi.org/10.1007/s00270-012-0491-0
https://doi.org/10.1097/01.rvi.0000133507.40193.e4
https://doi.org/10.1097/01.rvi.0000133507.40193.e4
https://doi.org/10.1016/j.spinee.2013.08.041
https://doi.org/10.1016/j.spinee.2013.08.041
https://doi.org/10.1148/radiol.2242011269
https://doi.org/10.1016/j.jss.2005.02.009
https://doi.org/10.1016/j.jss.2005.02.009
https://doi.org/10.1007/s00586-009-1192-5
https://doi.org/10.1007/s00586-012-2647-7
https://doi.org/10.1097/BRS.0b013e31829c2e12
https://doi.org/10.3174/ajnr.A5228
https://doi.org/10.1002/bjs.4040
https://doi.org/10.1002/bjs.4040
https://doi.org/10.1007/s00261-004-0253-9
https://doi.org/10.1007/s00261-004-0253-9
https://doi.org/10.1007/s00270-008-9463-9
https://doi.org/10.1007/s00270-008-9463-9
https://doi.org/10.3389/fonc.2023.1138837
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

:' frontiers ‘ Frontiers in Oncology

@ Check for updates

OPEN ACCESS

EDITED BY

Feifei Pu,

Huazhong University of Science and
Technology, China

REVIEWED BY

Yu Xiuchun,

960th Hospital of the PLA, China

Lin Nong,

The Second Affiliated Hospital of Thejiang
University, China

Jianxiang Liu,

Huazhong University of Science and
Technology, China

*CORRESPONDENCE
Hong Duan
duanhong1970@126.com

SPECIALTY SECTION

This article was submitted to
Surgical Oncology,

a section of the journal
Frontiers in Oncology

RECEIVED 21 January 2023
ACCEPTED 27 February 2023
PUBLISHED 14 March 2023

CITATION

Wu F, Fang X, Yuan D, Xiong Y, Luo Y,
Zhang W, Tu C and Duan H (2023)
Preserving the rectus femoris and
improving limb function after total femoral
prosthesis replacement following resection
of femoral malignant tumors.

Front. Oncol. 13:1149342.

doi: 10.3389/fonc.2023.1149342

COPYRIGHT
© 2023 Wu, Fang, Yuan, Xiong, Luo, Zhang,
Tu and Duan. This is an open-access article
distributed under the terms of the Creative
Commons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in
this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Oncology

TvpPE Original Research
PUBLISHED 14 March 2023
Dol 10.3389/fonc.2023.1149342

Preserving the rectus femoris
and improving limb function
after total femoral prosthesis
replacement following resection
of femoral malignant tumors

Fan Wu'?, Xiang Fang®, Dechao Yuan®, Yan Xiong®, Yi Luo*,
Wenli Zhang®, Chonggqi Tu' and Hong Duan™

tDepartment of Orthopedics, West China School of Medicine/West China Hospital, Sichuan
University, Chengdu, China, ?Department of Orthopedics, Zigong Fourth People’'s Hospital,
Zigong, China

Background: Current research is focused on the factors that influence the
maintenance of limb function after total femoral replacement. This
retrospective study investigated the difference in functional outcomes in
patients with invasion of the rectus femoris vs. an intact rectus femoris that
underwent total femoral replacement with a modular total femur prosthesis.

Methods: The medical records of patients who underwent total femoral
replacement with a modular total femur prosthesis between July 2010 and
March 2017 at our institute were retrospectively reviewed. The patients were
divided into two groups: group A had invasion of the rectus femoris and group B
had an intact rectus femoris. Functional status was assessed using the
Musculoskeletal Tumor Society Rating Scale (MSTS) and the Harris Hip Score
(HHS). Complications were assessed using the International Society of Limb
Salvage classification that was published in 2011 and modified in 2014.

Results: The mean total MSTS score (23.0 + 4.8 vs. 17.6 + 3.1; P = 0.02) and the
mean total HHS score (80.17 + 6.24 vs. 55.38 + 13.30; P = 0.001) were
significantly higher in patients with intact rectus femoris compared with
patients with invasion of the rectus femoris. Patients with an intact rectus
femoris achieved significantly better limb function (support and gait) and active
range of motion (P < 0.05). The overall complication rate was 35.7%.

Conclusions: Functional outcomes after total femoral replacement were
significantly better in patients with an intact rectus femoris compared with
patients with invasion of the rectus femoris, possibly because more muscle
mass can be preserved around the femur in patients with an intact rectus femoris.

KEYWORDS

femur, tumor, total femoral prosthesis replacement, limb-salvage, rectus
femoris invasion
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1 Introduction

The femur is commonly affected by primary and secondary
malignant bone tumors that require radical surgical excision in the
lower extremities (1). The primary purpose of the treatment is to save
the patient’s life. A patient with a femur malignant tumor has a very
poor prognosis, and until 1972, the survival rates ranged from 5% to
20% (2), and before the 1980s, amputation was the only treatment.
Furthermore, the survival rate of the patients is not improved by
amputation (3), the limb function is not good, and the psychological
trauma is profound. With the advancement of surgical techniques,
implant designs, diagnostic imaging systems, and chemotherapy
methods, not only has the survival rate increased significantly but
also limb salvage after tumor resection has become a standard
approach and flourished. To date, the 5-year survival rate of
osteosarcoma has been reported to be between 65% and 86% (4).

When tumors have extensive involvement and have multiple or
skip lesions and when previous distal or proximal replacement
failed, the treatment is quite difficult, and in such instances, total
femur replacement (TFR) is recommended (5). Hip disarticulation,
turnabout procedure (6), and tibial turn-up procedure (7) are
alternative surgical approaches. The prosthesis includes a metallic
system procedure (8) and a total femoral allograft (9). Considering
its mature use and accessibility, a metallic system prosthesis is most
commonly used in the clinic. TFR can restore the integrity of the
femur and allow the patients to resume ambulation pain-free, and
the function of TFR was much better than hip dislocation (2) and
turnabout and turn-up procedures (7, 10). In addition, limb salvage
is the expectation of most patients.

TFR requires a great sacrifice for the affected muscles. The extent
of quadriceps removal has been reported to influence the long-term
functional efficiency of a patient’s gait, and the function of patients
who have had reserved the rectus femoris after total knee replacement
for treating the distal femoral tumors is better than the function of
those who had not reserved the rectus femoris (11). Theoretically, the
rectus femoris is the only muscle in the quadriceps that spans from
the hip to the knee joint, and the function is to bend the hip and
extend the knee; preserving the rectus femoris in total femur
replacement had a better hip and knee function similar to total
knee replacement.

To counteract or prevent the factors that contribute to the
limitation of the hip and knee functions after TFR, it may prove
valuable to reserve the rectus femoris to increase hip and knee
function. We performed a retrospective cohort study to determine
whether there are differences between a TFR with and without the
rectus femoris invasion. We sought to conclude 1) the effect of total
femur replacement and 2) whether patients without invasion of the
rectus femoris had a better hip and knee range of motion (ROM) or
a better function.

2 Materials and methods

We retrospectively reviewed 14 patients with total femoral
prosthesis replacement between July 2010 and March 2017 at our
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institute. There were eight men and six women, with ages ranging
from 16 to 75 years (average age of 44.8 years). There were 11 cases
of primary tumors and 3 cases of metastatic tumors. The origin of
the primary cases was as follows: three involved the diaphysis, two
the distal third of the femur, four the long segment of the shaft, and
two the proximal third of the femur; three metastases involved the
long segment of the femur (one caused pathological fracture) which
were secondary to lung cancer. All patients had more than one
segment of the femur involved, which required a total femur
replacement, as retaining any part of the femur for proximal,
shaft, or distal prostheses would have been inappropriate and
unstable. The most common diagnosis in these cases was
osteosarcoma (eight cases). The patients were divided into two
groups: group A had invasion of the rectus femoris (eight cases),
and group B had an intact rectus femoris (six cases) (Table 1). This
study cohort was approved by the Ethics Committee of West China
Hospital of Sichuan University, and all the participants were
informed about the surgical approaches.

2.1 Surgical procedures

Preoperative systematic evaluations and examinations,
including clinical evaluations, plain radiographs, single-photon
emission computerized tomography (SPECT) scans, chest
radiographs, and computed tomography (CT) scans, were
performed to assess local lesions and metastases. Magnetic
resonance imaging (MRI) was used to determine the extent of
tumor invasion, including the involvement of soft tissue, especially
neurovascular tissue.

All the patients with osteosarcoma received preoperative and
postoperative chemotherapies with high-dose methotrexate,
doxorubicin, cisplatin, and ifosfamide. The patients with femur
pathological fractures following metastasis tumor received targeted
drugs and comprehensive treatment for the primary tumor.

The patients received a modular total femur prosthesis
(Chunlizhengda Co. Ltd., Beijing, China), which contains a
bipolar femoral head component and a fixed hinge, cemented,
and constrained total knee system.

Surgery was performed using the long lateral approach to the
femur (Figure 1E) and involved three steps. After a long incision
was made on the lateral side from 10 cm proximal to the greater
trochanter to the anterolateral aspect of the patellar tendon and
tibial tuberosity, en-bloc excision of the entire femur was
performed. At the proximal thigh, the gluteus medius, gluteus
minimus, and deep external rotators were detached depending on
the surgical margin (5, 12). The gluteus maximus tendon was
separated, and the sciatic nerve and vascular bundles were
exposed and well protected. The hip capsule was dissected around
the femoral neck, and the femoral head was dislocated. At the distal
thigh, the patella was turned to the medial dislocation; the
neurovascular bundles were separated from the tumor, exposed,
and protected well; the adductor muscles were separated and the
muscles attached to the linea aspera were removed; the capsule at
the knee was divided; and then the total femur was removed. The
tumor is resected according to the principles (13), endeavoring to
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TABLE 1 Clinical characteristics of the included patients.

Number Age (years)/gender Diagnosis Rectus femoris invasion MSTS HHS  Follow-up time (months)
1 75/M Metastatic tumor No 22 75 Alive, 17
2 54/M Metastatic tumor No 18 76 Alive, 14
3 47/F Osteosarcoma Yes 23 76 Dead, 12
4 28/F Osteosarcoma Yes 15 44 Dead, 16
5 25/F Osteosarcoma Yes 18 52 Dead, 13
6 62/M Osteosarcoma Yes 16 36 Dead, 11
7 68/M Chondrosarcoma No 28 81 Alive, 58
8 73/M Osteosarcoma No 21 74 Alive, 18
9 16/F Osteosarcoma No 29 90 Alive, 27
10 32/F Chondrosarcoma No 20 83 Alive, 32
11 17/M Osteosarcoma Yes 16 51 Alive, 18
12 19/M Osteosarcoma No 21 69 Alive, 43
13 42/F Chondrosarcoma Yes 18 64 Alive, 12
14 72/M Metastatic tumor Yes 14 51 Dead, 15

HSS, Harris Hip Score; MSTS, Musculoskeletal Tumor Society Rating Scale.

FIGURE 1

Total femoral prosthesis replacement. A 15-year old girl with left femur osteosarcoma. (A) X-ray before operation, (B—D) CT, MRI and SPECT image
showing massive involvement, (E) Surgical incision, (F) Total femur prosthesis in operation, (G) X-ray post-operation, (H-J) Functional outcome

at 33 months.
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achieve a satisfactory resection margin while the lesion was
completely removed. A transverse osteotomy was performed
10 mm below the tibial joint line to allow the cementation of the
tibial component. The second main step was the reconstruction of
the defect with a prosthesis. The proximal tibia was osteotomized
and the tibia component was inserted and then the cement was
fixed. The femoral components were assembled, and the stability
and tension were tested. Finally, in the third main step, the tissue
was reconstructed. The remaining hip capsule was fixed around the
neck of the prosthesis, and the external rotation muscles were
sutured to the repaired capsule to strengthen. The remaining psoas
muscle was rotated forward and was sutured on the capsule. The
remaining abductor muscles will be placed on the proximal side of
the prosthesis and reattached to the metal ring or the remaining
greater trochanter, an artificial ligament was needed if these
structures were not sufficient. The concept of the principle of the
tumor-free technique was very important. Careful hemostasis was
crucial, and dead space was eliminated as much as possible. When
the wound was sutured, the prosthesis was covered with the rest of
the muscles, and the wound was sutured in layers, with an
indwelling drainage tube. If necessary, the vascularized
gastrocnemius muscle flap blood vessels were used to cover the
wound. All patients used an abduction brace after surgery. All
patients received intravenous broad-spectrum antibiotics before
and after the surgery.

Patients with total femoral replacement can gain full
independence through a comprehensive and adequate
rehabilitation program. Physical therapy techniques such as
muscle contraction, passive and active exercises, and isometric
exercises were very useful during early rehabilitation. Certain
exercises, such as active hip abduction or knee flexion, were
permitted 3-4 weeks later to protect the muscles which have been
reattached to the prosthesis. Partial weight-bearing was allowed 6
weeks later. After 8~12 weeks, patients were advised to practice
walking with a single crutch to determine whether their walking gait
has normalized or not.

Patients were followed up every month in the first 3 months,
every 3 months for the first year, and then every 6 months. A chest
CT scan was performed every 3 months during the first year and
then every 6 months for patients with osteosarcoma. A SPECT bone
scan was performed every 6 months in the first year, then once a
year, until the last follow-up.

2.2 Outcome measures

Functional status was assessed using the Musculoskeletal
Tumor Society Rating Scale (MSTS) (14) and the Harris Hip
Score (HHS) at the last follow-up. The MSTS constitutes six
items (pain, function, emotional acceptance, use of an external
support, walking ability, gait alteration) scored on a scale of 0 to 5 to
a maximum of 30, with higher scores indicating better function. The
HHS constitutes 10 items in domains that include pain, function,
absence of deformity, and ROM, scored to a maximum of 100 with
higher scores indicating better function. Complications were
assessed using the International Society of Limb Salvage
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classification that was published in 2011 (15) and modified in
2014 (16). Type I is soft tissue failure, type II is aseptic loosening
with clinical and radiographic signs of loosening, type III is
structural failure, type IV is periprosthetic infection requiring
removal and subsequent reimplantation of the implant, and type
V is tumor progression (16).

2.3 Statistical analyses

Statistical analyses were performed with the SPSS software
package version 24.0 (SPSS Inc., Chicago, IL, USA). Groups were
compared using independent f-tests and the chi-square test for the
continuous and categorical variables, respectively. A P-value <0.05
was considered significant.

3 Results

The demographic and clinical characteristics of the included
patients stratified by invasion of the rectus femoris (group A) or an
intact rectus femoris (group B) are summarized in Table 2. There
were no significant differences in age (P = 0.27), gender (P = 0.569),
diagnosis (P = 0.486), operative time (P = 0.759), blood loss (P =
0.59), or follow-up period (P = 0.182) between the two groups.

The functional results of patients with invasion of the rectus
femoris (group A) and an intact rectus femoris (group B) are
summarized in Table 3. The mean total MSTS score was 66.4%
(19.93/30). The mean total MSTS score was significantly higher in
patients with an intact rectus femoris (23.0 + 4.8) compared with
patients with invasion of the rectus femoris (17.6 £ 3.1) (P = 0.02).
Specifically, patients with an intact rectus femoris scored
significantly better on the function (P = 0.04), support (P =
0.003), and gait (P = 0.016) items of the MSTS, but there were no
significant differences in the pain (P = 0.20), emotional acceptance
(P = 0.802), or walking (P = 0.178) items between the two groups.
The mean total HHS score was significantly higher in patients with
an intact rectus femoris (80.17 + 6.24) compared with patients with
invasion of the rectus femoris (55.38 + 13.30) (P = 0.001).
Specifically, patients with an intact rectus femoris scored
significantly better in the pain (P = 0.003), function (P = 0.001),
and ROM (P = 0.026) domains of the HHS, but there was no
significant difference in the deformity domain between the two
groups (P = 0.433).

3.1 Complications

In general, the complication rate was 35.7% (5/14). Four
patients suffered tumor progression (type V failure), three
patients had pulmonary metastases, and one patient had local
recurrence and amputation 8 months later. One patient
experienced deep venous thrombosis that was resolved with
antithrombotic therapy. There was no incidence of superficial or
deep infection, sciatic paralysis, hip dislocation, or
aseptic loosening.
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TABLE 2 Demographic and clinical characteristics of the included patients stratified by invasion of the rectus femoris or an intact rectus femoris.

Invasion of the rectus femoris Intact rectus femoris P-value 95% Cl
Age 39.0 £20.3 52.7 £ 239 0.270 —-12.10, 39.44
Gender 0.569 -0.79, 0.45
Male 4 4
Female 4 2
Follow-up (months) 17.5 + 10.6 27.7 £16.3 0.182 —-5.46, 25.79
Operative time (min) 235.0 + 40.1 240.8 +24.2 0.759 —-34.60, 46.27
Blood loss (ml) 1225.0 £ 710 1008.3 + 743.2 0.590 —1,069.06, 635.73
Diagnosis 0.486
Osteosarcoma 5 3
Chondrosarcoma 2 1
Metastatic tumor 1 2

TABLE 3 Functional outcomes of the included patients stratified by invasion of the rectus femoris or an intact rectus femoris.

Invasion of the rectus femoris Intact rectus femoris 95% Cl
MSTS
Total score 17.6 + 3.1 23.0 +48 0.02 1.00, 9.75
Pain 3.38 +0.52 3.83 +£0.75 0.20 ~0.28, 1.20
Function 275 071 3.67 +0.82 0.04 0.03, 1.81
Emotional acceptance 3.75 £ 0.46 3.83 £0.75 0.802 -0.62, 0.79
Supporting 2.38 +0.74 4,00 + 0.89 0.003 0.67, 2.58
Walking 2.63 + 1.06 350 + 12 0.178 -0.46, 2.21
Gait 2.63 + 1.06 4.00 + 0.63 0.016 0.31, 2.44
HHS
Total score 55.38 + 13.30 80.17 + 6.24 0.001 11.92, 37.66
Pain 3050 + 6.48 40.67 + 1.63 0.003 421,16.12
Function 17.50 + 6.68 3250 + 5.89 0.001 7.52, 22.49
Deformity 3.63 +0.52 3.83 + 041 0433 -0.35,0.77
ROM 2.50 + 0.54 3.17 + 041 0.026 0.10, 1.24

HHS, Harris Hip Score; MSTS, Musculoskeletal Tumor Society Rating Scale; ROM, range of motion.

4 Discussion

Total femoral prosthesis replacement is a procedure rarely
done, and the indications are not well defined (3). From the first
total femur prosthesis reported in 1965, the indications focused
mainly on oncology diseases, and many authors applied them to
malignant femur tumors (1-3, 17). A high-grade malignant tumor
that affected the femur widely or totally, or skip lesions, has been the
indication for this procedure, including osteosarcoma, Ewing’s
sarcoma, chondrosarcoma (18), undifferentiated sarcoma, huge
soft tissue tumor, metastatic tumor, and local recurrent
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osteosarcoma. Moreover, the applications were developed
gradually for non-oncology diseases, which can affect the integrity
of the femur and could repeatedly cause pathological fractures, such
as Paget’s disease, osteogenesis imperfecta (19), fibrous dysplasia
with massive idiopathic osteolysis, massive femoral hemophilic
pseudotumor (20), and hydatid disease (21). Here, we
summarized the main large case series of femoral prosthesis
replacement for oncology in the current literature in Table 4. Hip
and knee arthroplasty revisions with severe bone defects using
conventional methods are difficult procedures, and in severe
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TABLE 4 Main large case series of total femur replacement for oncology in the current literature.

Publication Age Indications Follow-up Patients Survivorship = All-cause Complications
(months) living at revision
the time of rate
publication
Ahmed Arch Orthop 9 47 Oncology 51 (8-200) 4/9 No failures 0% Infection (2), tibial
(12) Trauma Surg (10- component
74) loosening (1)
Mankin Clin Orthop 15 52 + Oncology (14), 54 (12-192) 7/15 NA 33.3% Infection (1),
et al. (22) Relat Res 1 non-oncology prosthesis failure (4)
(16- (1)
82)
Nerubay Clin Orthop 19 20 Oncology 18-96 7/19 NA - Wound-healing
et al. (23) Relat Res problems (10),
infection (1),
popliteal vein injury
(1), prosthesis failure
1

Steinbrink ] Bone Joint 32 (28 56 Oncology (6), 6-84 23/28 NA 9.4% Infection (2), hip

et al. (24) Surg Br patients) (21- non-oncology dislocation (1),

81) (22) prosthesis failure (1),
patellar pain (1)

Ward Clin Orthop 21 44.6 Oncology (17), 31 (1-125) 11/21 NA 2.4% Infection (3), hip

et al. (25) Relat Res (11- non-oncology dislocation (2),

91) (4) patellar pain (1)

Sevelda Clin Orthop 11 64 Metastatic 5(1-31) 8/11 died after | NA - Hip dislocation (1),

et al. (26) Relat Res (41- carcinoma 6 months infection (1), local

78) recurrence (1)
Liu et al. World Journal 21 21.8 Osteosarcoma 71.2 72.5% last 66.7% at 5 years - Superficial infection
(27) of Surgical follow-up (2), deep infection
Oncology (1), patella fracture
(1), local recurrence
(1), pulmonary
metastases (9), tibial
stem loosening (3)

Puri et al. Indian J 8 32 Osteosarcoma 33 (9-72) 5/8 (24- 5/8 - Infection (1),

(28) Orthop (5), Ewing’s 72months) metastasis (1), 3 cm
sarcoma (1), shortening (1)
chondrosarcoma
(2)

Jones et al. ] Surg Oncol 54 40.6 Primary sarcoma 48 (1-252) 28/40 28/40 - Hip dislocation (5),

(29) + (40), metastatic femoral malrotation

19.9 sarcoma (1), (1), infection (4)
metastatic
carcinoma (12),
lymphoma (1)
Muratori Journal of 32 54.2 Oncology (23), 60 NA NA - Superficial infection
(30) Orthopaedics (13- non-oncology (2), deep infection
82) 9) (1), dislocation (2)

NA, not available.
The symbol "-" means that column was not mentioned in the article.

periprosthetic fractures (31), a second-stage arthroplasty approach
to prevent infection is required (32). TFR provides patients with a
functional limb and enables patients to remain pain-free for the rest
of their lives (3).

The mean MSTS score and ROM of the 14 patients were 66.4%
(19.93/30) and 65.9°, and the mean HHS score of the hip was 66
(44-90). Similar to the results of Sewell et al. (1), the mean MSTS
score was 67% and the mean HHS was 70%. However, in contrast to
the study of Sewell et al. (1), we did not compare the difference
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between the primary and the secondary TFRs because our sample
size was too small. This function score is generally lower than TKR
and THR, but it is acceptable to those tumor patients. Our typical
case function is provided in the supplement video (Figure 1,
Supplement 1).

The function after TFR was good for pathological fractures
following metastasis. In our three cases with pathological fractures,
the function was good (the mean MSTS score was 18). Similar to the
report of Mankin et al. (22), involving a total of 15 patients with 2
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found to have metastatic carcinomas, the function and quality of life
of the survivors were good. Total femoral prosthesis arthroplasty
can recover early functional weight-bearing walking and exercise
and effectively guarantee improvement in the quality of life of the
survivor. However, the resection of the entire femur requires wide
exposure and a prolonged procedure time. As the amount of
intraoperative blood as well as surgical trauma is large, surgeons
must dynamically assess the patient’s heart-lung capability and
degree of tolerance. In the study of Sevelda et al. (26), the authors
summarized that of the 11 patients with metastatic carcinoma of the
femur, 8 of them died 6 months after the operation, so they believe
that TFR does not warrant greater life expectancy, and patients with
extensive metastatic disease to the femur should be offered palliative
care rather than major reconstruction. Thus, an increase in the
sample size for TFR for pathological fractures is needed. In Table 4,
we summarized the main functional outcomes and follow-up results
of TFR in the literature.

The rectus femoris is very important in the function of patients
with TFR. In our cases, we found that patients without rectus
femoris invasion had better limb function (including supporting,
walking, and gait) and a greater range of active hip movement than
those with rectus femoris invasion. The rectus femoris is the only
muscle in the quadriceps that spans from the hip to the knee joint,
and its anatomical location is superficial in the quadriceps. Once the
rectus femoris of a patient is invaded, then he will have a wider
resection to obtain enough surgical boundaries, and fewer muscles
around the femur could be preserved. Benedetti et al. (11) reported
similar results for total knee arthroplasty in the distal femoral tumor
that preserves the rectus femoris. Similar to our findings, Morris
et al. (5) proposed that a lack of hip abductors or knee extensor
procedures resulted in a poor functional outcome as the patient
cannot control the limb. Nakayama et al. (33) reported that the
most influential factor in the functional outcomes after TFR was
whether the rectus femoris was preserved or not. Du et al. (34)
found that the use of an artificial ligament to reconstruct soft tissue
can improve limb function after TFR, but this was indirectly
confirmed. The mean MSTS function score was 66.4% (19.93/30),
similar to the reports by Ahmed (12), Kalra et al. (3), and Du et al.
(34). The mean HHS score of the hip was 66 (44-90), similar to the
report by Sewell et al. (1), and the overall mean HHS score was 70
(51-86). TFR provides most of the patients with a functional limb,
which can be weight-bearing and make walking pain-free.

The reported complication rates vary (35, 36), and we
summarized the main complications of TFR in the literature in
Table 4. In our cases, the complication rate was 35.7% (5/14).
Common complications included infection, aseptic failure, hip
dislocation, and vascular and sciatic nerve injury. The most
frequent complications were dislocation and infection (37, 38).
Our cases have no infection mainly because we use an impulse-
type flusher and plenty of saline water to wash the wounds. In the
report by Kalra et al. (3), the deep infection rate was 7%, which was
similar to the report by Mankin et al. (22). While in the report by
Natarajan (17), the deep infection rate was 11.8%. Friesecke et al.
(38) published the largest known series of total femur prostheses,
involving 100 consecutive patients, and the infection rate was 13%.
The dislocation rate reported by Friesecke et al. (38) was 6%;
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however, our cases and the report by Sevelda et al. (39) do not
have dislocations. The reason why we had no dislocation was
mainly due to the good reconstruction of the hip abductor, and
we used artificial ligaments for large defects. Du et al. (34) found
that the use of an artificial ligament can decrease the dislocation
rate. The greater trochanter and the accompanying outriggers are
essential to maintain the stability of the prosthesis, so it is very
important to refix these outsoles to the prosthesis.

The current data from a series of patients suggest that TFR plays
a role in treating malignant or even severely damaged benign
femoral lesions. The death and complication rates are high, which
might be due to the degree of malignancy, size, and vascularity of
the lesion, but the functional outcome of the survivors is reasonable
and better than hip dislocation or hemisection. In metastatic
femoral metastases with pathological fractures, the quality of life
can be improved within a limited lifetime.

Our study has some limitations. First, the number of cases is
small, due to the rare indication for this procedure, although our
data cover a span of 8 years. Second, it has a retrospective design,
which had some selection bias from the inclusion of non-
randomized patients. Third, our cases had different types of
tumors, which received an individualized general prognosis
because of the rare indications for TFR.

5 Conclusion

We believe that our report provides the expected results for
patients with femoral tumors who require total femoral
replacement. This form of reconstruction provides predictable
results after the removal of the femoral tumor. TFR is a good and
reliable method for the salvage of the femoral tumor limb.
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Cancer-induced bone pain (CIBP) has a considerable impact on patients’ quality
of life as well as physical and mental health. At present, patients with CIBP are
managed according to the three-step analgesic therapy algorithm proposed by
the World Health Organization. Opioids are commonly used as the first-line
treatment for moderate-to-severe cancer pain but are limited due to addiction,
nausea, vomiting and other gastrointestinal side effects. Moreover, opioids have a
limited analgesic effect in some patients. In order to optimize the management of
CIBP, we must first identify the underlying mechanisms. In some patients,
surgery, or surgery combined with radiotherapy or radiofrequency ablation is
the first step in the management of CIBP. Various clinical studies have shown that
anti-nerve growth factor (NGF) antibodies, bisphosphonates, or RANKL inhibitors
can reduce the incidence and improve the management of cancer pain. Herein,
we review the mechanisms of cancer pain and potential therapeutic strategies to
provide insights for optimizing the management of CIBP.

KEYWORDS

cancer-induced bone pain, pain management, surgery, conservative therapy, traditional
Chinese medicine

Introduction

The skeleton is one of the most common metastatic sites in patients with solid tumors
such as breast cancer, prostate cancer, kidney cancer and lung cancer (1, 2). The incidence
of bone metastasis is associated with considerable economic burden and profound impacts
on both physical and mental health. Moreover, patients with bone metastases have

Abbreviations: CIBP, Cancer-induced bone pain; NGF, Nerve growth factor; SREs, Skeletal related events;
VEGF, Vascular endothelial growth factor; IL-1, Interleukin-1; IL-6, Interleukin-6; IL-8, Interleukin-8; IL-11,
Interleukin-11; TNF-o, Tumor necrosis factor-o; PTHrP, Parathyroid hormone related peptide; OPG,
Osteoprotegerin; MCP-1, Monocyte chemoattractant protein-1; MIP-1a, Macrophage inflammatory protein-
la; ATP, Adenosine triphosphate; ETAR, Endothelin receptor; PG, Prostaglandin; TRPV1, Transient
receptor potential channel, vanillin subfamily member 1; ASIC3, Acid sensing ion channel 3; P2X3,
Purinergic receptor; PGE2, Prostaglandin E2; TME, Tumor microenvironment; CGRP, Calcitonin gene
related peptide; IL-18, Interleukin 18; HDACs, Deacetylase; EGFR, Epidermal growth factor receptor; PAG,
Periaqueductal gray matter; PVP, Percutaneous vertebroplasty; PKP, Percutaneous kyphoplasty.
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significantly lower survival compared with patients without bone
metastases (3). With the continuous progress being made in
radiotherapy, chemotherapy and surgical treatment, survival time
in patients with bone metastases has increased in recent years.
However, cancer-induced bone pain (CIBP) is associated with
reduced quality of life and negative effects on mental health.
Management of CIBP is considered one of most important issues
in the treatment of patients with bone metastases. Currently, the
recommended strategy is the three-step analgesic therapy pathway
proposed by the World Health Organization. Importantly, the
effectiveness of this strategy is limited by multiple adverse effects
including addiction, nausea, vomiting and other gastrointestinal
reactions (4). In addition, some patients experience sub-optimal
efficacy. Therefore, how to optimize the management of CIBP has
become a hot topic in cancer research.

Mechanism of bone metastasis

Bone plays a number of complex roles in the body including but
not limited to exercise, support and protection of vital organs.
Various cells, such as osteoblasts, osteoclasts, adipocytes, and
macrophages maintain homeostasis and ensure the basic function
of bone (1). Under physiological conditions, the rate of bone
resorption and bone formation is finely balanced through the
complex interactions between various hormones and cytokines
secreted by different types of cell. Menopause and senescence can
break balance of bone homeostasis, leading to a series of skeletal
related events (SREs). The number of patients experiencing SREs
has increased in recent years due to prolonged survival in patients

10.3389/fonc.2023.1156618

with cancer, in particular breast cancer, lung cancer, prostate
cancer, kidney cancer and thyroid cancer (5). Once bone
metastasis occurs, tumor cells change the balance of bone
absorption and bone reconstruction leading to the formation of
metastatic tumors (6). The most likely sites for bone metastasis are
regions with a highly active bone marrow microenvironment that
promotes cell growth, such as vertebrae (87%), ribs (77%), pelvis
(63%), and proximal humerus and femur (3). Bone metastases can
be divided into osteolytic lesions, osteogenic lesions, or mixed
lesions. However, regardless of the type of lesion, osteoclasts and
osteoblasts are both active participants (7).

Stephen Paget proposed the hypothesis of “seed and soil” to
explain how bone remodeling induces tumor re-implantation and
development during bone metastasis. Metastasis from a primary
tumor site is a multi-step and multifactorial process, including
primary site erosion, breakthrough of basement membrane, escape
of nesting apoptosis, and adhesion, colonization and invasion in
distant organs (showed in Figure 1). Once in the bone, tumor cells
promote the secretion of various cytokines such as RANKL,
Vascular endothelial growth factor (VEGF), Interleukin-1 (IL-1),
Interleukin-6 (IL-6), Interleukin-8 (IL-8), Interleukin-11 (IL-11)
and Tumor necrosis factor-o. (TNF-o) directly or indirectly, which
induces the formation and maturation of osteoclasts resulting in
massive bone absorption, which provides favorable conditions for
tumor cell colonization (8). In fact, different tumors have different
ways to change the balance of local bone metabolism. For example,
breast cancer cells secrete parathyroid hormone related peptide
(PTHrP) to activate osteoblasts to secrete RANKL and inhibit the
expression of osteoprotegerin(OPG), which ultimately leads to
increased osteoclast activity and the occurrence of bone
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Mechanism of bone metastasis. Malignant neoplasm cells break away from the primary focus and enter the bone. By interacting with other cells,
tumor cells secrete RANKL and some inflammatory factors, which promote the maturation of osteoclasts. Osteoclasts absorb bone and release
growth factors in bone, which promote tumor growth and bone metastases formation. This figure is designed by Figdraw.
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metastasis (9). It is also worth noting that activation of bone
absorption leads to the release of a large number of growth
factors. As a result, these growth factors stimulate the growth of
tumor cells, leading to positive feedback to promote tumor growth
(10, 11).

Mechanism of CIBP

CIBP occurs at all stages of bone metastasis and becomes more
difficult to control as the degree of tumor growth increases.
Research shows that 64% of patients with bone metastasis
suffered CIBP, and of those, 75-90% experience severe CIBP (12).
CIBP includes background pain, spontaneous pain and occasional
(induced) pain. Background pain, aggravated by disease
progression, is a continuous dull pain that can usually be
controlled by traditional analgesic strategies. Breakthrough cancer
pain is extreme pain that is associated with an incidence of 40-81%
(13). Breakthrough pain is intermittent, often occurs quickly, and
lasts for a short time. Opioids do not adequately control
spontaneous pain, and subsequent overuse may be associated
with side effects such as nausea, vomiting and respiratory
depression (14).

The underlying mechanisms of CIBP may involve inflammatory,
ischemic, compressive or injurious neuropathological processes (15)
(showed in Figure 2). We know that there is a rich distribution of
sensory nerves in bone, and most of the nerve fibers are distributed in
the periosteum, A-delta and peptic C fibers (TrkA+). There are fewer
nerve fibers distributed in the bone marrow and the bone cortex. Once
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tumor cells coloize bone, they recruit and activate osteoclasts and
osteoblasts. Combined with highly active bone resorption and bone
formation, bone metastases grow and proliferate. During this process,
the imbalance of bone homeostasis induced by tumor cells leads to the
occurrence of micro fractures. Micro fractures activate nociceptors,
which leads to pain. The malignant growth of tumor tissue is associated
with compression, which can also stimulate nociceptive sensory
neurons (16). Additionally, with malignant growth of bone
metastasis, various immune cells are recruited into the tumor
including macrophages, T cells, and NK cells. Massive inflammatory
factors or mediators, including prostaglandin E2 (PGE2), Nerve growth
factor (NGF), bradykinin and proinflammatory cytokines (TNF-a, IL-
1B, IL-6, IL-8, IL-15), chemokines (CCL5), monocyte chemoattractant
protein-1 (MCP-1), macrophage inflammatory protein-la (MIP-1a),
and extracellular adenosine triphosphate (ATP), are secreted by various
immune cells following interaction with tumor cells. Research shows
that inflammatory factors can directly activate receptors located in
sensory nerve fibers, including the endothelin receptor (ETAR),
prostaglandin (PG) receptor, TrkA receptor, bradykinin receptor,
cytokine receptor, chemokine receptor, transient receptor potential
channel, vanillin subfamily member 1(TRPV1), acid sensing ion
channel 3 (ASIC3) and purinergic receptor (P2X3), resulting in
CIBP (17).

Tumor cells also induce nerve sprouting and promote the
growth of sensory nerves and sympathetic nerves into tumor
tissue, resulting in CIBP. NGF is an essential neurotrophic factor
that induces the growth of sensory and sympathetic nerves, which is
highly expressed in tumor cells and various immune cells in the
tumor microenvironment (TME). NGF is commonly identified in
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Mechanism of CIBP. Tumor can promote osteoclast maturation and bone resorption by secreting a large amount of RANKL, leading to micro-
fracture and pain occurrence. The acidic microenvironment formed by tumor cells can induce peripheral nerve sensitization and promote the
occurrence of cancer pain. Tumors induce nerve reprogramming and cancer pain by secreting NGF. Long-term peripheral stimulation and
inflammatory factors cause changes in neurons, central sensitization and pain. This figure is designed by Figdraw.
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prostate cancer, gastric cancer, and breast cancer (18, 19). Recently,
a study showed that high expression of NGF is closely related to
CIBP (20). Exogenous NGF application, overexpression of NGF,
and inhibition of NGF degradation can induce mechanical pain and
thermal hyperalgesia in animal models of pain. Inhibition of NGF
and its receptors can significantly inhibit the development of
tumors and related spontaneous and induced pain behaviors (21-
25). It also has been shown that NGF can activate nociceptors and
ion channels (such as P2X3, TRPV1, ASIC-3) by up-regulating the
expression of a variety of proteins such as substance P, calcitonin
gene related peptide (CGRP), and bradykinin, resulting in CIBP
(17). More importantly, NGF can induce neural remodeling. In
normal tissues, the sensory and sympathetic nerves are separated.
However, tumor cells induce and drive the generation and growth
of axons and nerves by secreting high levels of NGF. As a result, by
increasing the density of nerve fibers, NGF also stimulates sensory
nerve fibers and sympathetic nerve fibers to produce connections
and form a neuroma-like structure in the tumor, known as Neural
reprogramming (26). It is clear that the formation of neuroma-like
structures in tumor tissues is closely related to CIBP (27-29). In the
prostate bone metastatic tumor model, multiple nerve fibers were
observed, mixing with prostate cancer cells and related stromal
cells, to form a beaded neuroma-like structure (30). Anti-NGF
treatment significantly reduced the density of nerve fibers, the
formation of neuroma-like structures, the frequency of CIBP, and
the generation of tumor-induced nociceptive behavior. It has been
reported that anti-NFG treatment can also reduce bone damage
caused by sarcoma (31, 32). In addition to NGF, tumors also secrete
other neurotrophic substances such as brain derived neurotrophic
factor (BDNF), which is closely related to cancer pain (33-35).

In addition to directly activating peripheral nociceptors, the low
pH and hyperinflammatory state of the TME will lead to the
remodeling of nociceptors in tumor tissue. Long-term stimulation
with H+ ions and sustained inflammatory factors continuously
activates nociceptors, leading to increased sensitivity of nociceptive
neurons and amplification of their afferent nerve signals, which
called as peripheral sensitization. Once peripheral sensitization
occurs, as a result, even if the stimulation is not enough to trigger
nociceptive signal transduction, this can still result in pain signal
transduction in patients with cancer (36). Continuous activation of
peripheral nociceptors can also lead to central sensitization.

The complex microenvironment in tumor tissue is associated
with long-term and high-intensity activation of peripheral high-
density nociceptors and induce changes in the central nervous
system through a variety of mechanisms, which is manifested in
the increased responsiveness to peripheral stimuli, thus generating
central sensitization(Central sensitization refers to the abnormal
increase of excitability or enhancement of synaptic transmission of
pain-related neurons in the spinal cord and above, including the
increase of spontaneous discharge activity of neurons, the
expansion of sensory domain, the reduction of threshold to
external stimuli, the enhancement of response to suprathreshold
stimuli and other pathological changes, thus amplifying
the transmission of pain signals. Its corresponding clinical
manifestations include spontaneous pain, hyperalgesia and
allodynia.) and inducing cancer pain. Studies have shown that
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under stimulation by tumor tissue, glial cells in the spinal cord
are activated, especially spinal microglia and astrocytes. The
overactive state of spinal microglia and astrocytes is one of the
key factors that activates central sensitization and leads to CIBP (2,
37-40). Glial cells also promote CIBP by secreting interleukin 1 (IL-
1) and interleukin 18 (IL-18) (41, 42). Multiple targets and signal
pathways in spinal cord glial cells, such as protein deacetylase
(HDACGs) (39), epidermal growth factor receptor (EGFR) and
MCP-1 (43), have been shown to be involved in the formation of
CIBP through central sensitization. Glial cells located near the
periaqueductal gray matter (PAG) of the midbrain are also
activated in tumor-bearing mice, and a several cytokines such as
IL-1 and IL-6 are secreted to activate the PI3K-AKT pathway in
PAG, leading to central sensitization and cancer pain. Blocking this
signal pathway can reduce mechanical and thermal hyperalgesia in
rats with bone cancer (44).

It is estimated that 20-85% of patients who receive neurotoxic
chemotherapy will experience peripheral neuropathy (15, 45-47).
The usage of platinum-based antineoplastic agents, vinca alkaloids,
epothilones (ixabepilone), taxanes, proteasome inhibitors
(bortezomib) and immunomodulatory drugs (thalidomide) often
results in the development of peripheral neuropathy, which may be
accompanied by changes in motor and autonomic nerve function
(48). The mechanism of peripheral neuropathy may involve
mitochondrial dysfunction and oxidative stress, the release of
inflammatory mediators (cytokines and chemical factors), ion
channel dysfunction and intracellular signal transduction.
However, the mechanisms remain to be fully elucidated (49).

Overall, the mechanisms underlying the occurrence and
deterioration of CIBP are complex and involve tumor
implantation, bone metabolism, enhancement of mechanical
stimulation, activation and alteration of peripheral nerves,
peripheral nerve remodeling, and activation/adaptive changes in
the central nervous system. It will be vital to understand these
mechanisms to facilitate the optimal management of CIBP
in practice.

Pain management of bone metastases

Management of CIBP in patients with bone metastasis is an
important issue, and the strategy of analgesia accompanies the life
of patients, which is involved the three-ladder model of analgesia
proposed by the World Health Organization

Nonopioids, such as nonsteroidal anti-inflammatory drugs
(NSAIDs) are often the first-line therapy for CIBP. They are
effective against mild-to-moderate pain; however, there is little
evidence for the effectiveness of NSAIDs in patients with CIBP
(50). While NSAIDs may inhibit cancer-related pain in some
patients, they are unlikely to provide gain additional benefits in
patients with moderate-to-severe CIBP who have already
been treated with strong opioids. Furthermore, the long-term use
of NSAIDs has been associated with cardiovascular and
gastrointestinal risks (51). Some studies have shown that NSAIDs
may have limited anti-tumor effects; however, there is a lack of
robust clinical data to support these conclusions (52).
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Weak opioids, such as tramadol and codeine, are not commonly
used to manage CIBP because there is limited evidence for their
effectiveness. Low-dose morphine is associated with more rapid and
effective analgesic effects than opioids (53, 54).

For severe CIBP, strong oral and percutaneous opioids are the
first choice for patients. Studies have shown that buprenorphine,
oxycodone, fentanyl and morphine have similar analgesic effects
and gradually achieve complete analgesia with adequate drug
supply. Morphine is the first-line treatment for breakthrough pain
and is associated with effective pain control (55). However, research
shows that prolonged use of strong opioids is associated with side
effects such as nausea, lethargy, vomiting and constipation (56).
Detrimental effects of opioids on the liver and kidney compound
the side effect of opioids. Epidural intrathecal injection of opioids
can significantly relieve cancer pain; however, this type of pain
management requires administration by healthcare professional
and may be expensive.

Methadone is an effective substitute for morphine, oxycodone,
fentanyl and other opioid drugs, which shows incomplete cross
tolerance with other opioid receptors. However, due to significant
inter-individual differences in the plasma half-life of methadone, it
should be used only under the supervision of professional doctors.
Although morphine and methadone show similar analgesic effects
after single dose administration, it is recommended to reduce the
anodynia dose by one quarter to one twelfth when switching from
another opioid to methadone to prevent side effects such as
respiratory depression (57).

Surgery

In patients with a long-life expectancy and no important organ
metastasis, surgical resection is the first choice for patients with
bone metastases with only one site metastasis.

For other metastatic spine tumors, patients with unstable spine,
spinal cord compression or nerve function injury, tumor resection
and reconstruction surgery are also should be chose firstly, for
reducing compression on the spinal cord, which can relieve local
pain by improving neural function (58). Various scoring systems
such as the revised Tokuhashi scoring system and Tomita scoring
system indicate estimated prognosis and appropriate treatment
strategies in different patients (59). The evaluation indicators of
these systems include patients” general condition, the number of
bone metastases outside the spine, the number of vertebral bodies
involved, and whether the metastases in key organs are resectable.
Based on these comprehensive scoring systems, surgeons can
predict each patient’s survival period and determine the optimal
treatment method. In fact, timely surgical intervention can fully
relieve CIBP. Encouragingly, scoring systems are constantly
improving. There is also the possibility that algorithms could be
developed for specific tumor types to further improve the accuracy
of scoring. VEGF, EGFR and other molecular markers in tumor
tissue can also be included in scoring systems to provide more
accurate estimations of survival time and therapeutic effect (60, 61).
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Spinal separation surgery is an option for patients with bone
metastases who cannot tolerate total spine resection. After
surgery, radiotherapy should be administered for maximum anti-
tumor effects (62). For patients with bone metastasis without spinal
cord compression and spinal instability, minimally invasive spinal
surgery (Percutaneous vertebroplasty, PVP or Percutaneous
kyphoplasty, PKP) may be considered. The heat released by bone
cement during surgery can kill local nerves and tumor tissue and
effectively relieve the pain associated with thoracolumbar metastatic
tumors. Post-operative adjuvant radiotherapy can also be effective
in these patients (63, 64).

For long-bone metastasis, the Mirels predictive score is widely
used in clinical practice (65). Based on this score, the optimal
treatment strategy is identified according to metastasis location, the
severity of pain, X-ray findings, and the invasion rate of lesions. In
keeping with the tumor-free principle, biological reconstruction is
the main goal of this surgery and pain can be significantly relieved
using this method (66). Three-dimensional printing technology
may be a new choice for reconstruction after resection. It can be
used to print complex structures that are difficult to fabricate using
traditional processes and overcome the problems of stress shielding
and low biological activity of conventional prostheses (67).

For pelvis metastasis, there is no widely recognized scoring system.
Because the pelvic anatomy is complex and adjacent to important
organs and blood vessels, the resection and reconstruction of pelvic
metastasis must be performed by experienced surgeons. While this
surgery can help to relieve CIBP, the effects of such a complex surgery
can be associated with additional pain.

Radiotherapy

Radiotherapy is a safe and effective strategy to relieve CIBP who
are not suitable or cannot tolerate surgical treatment. Radiotherapy
can significantly relieve CIBP. Studies have shown that 60% of
patients with bone metastases experience significant pain relief after
radiotherapy. Intraoperative radiotherapy is associated with
particularly effective control of pain; however, it is worth noting
that radiotherapy may lead to the occurrence of fracture or nerve
injury in the spinal cord (68). Compared with ordinary
radiotherapy, stereotactic body radiotherapy (SBRT) can deliver
high-dose radiation to tumors while protecting adjacent normal
tissues. Research shows that the local control rate of SBRT can reach
90%, and the probability of vertebral fracture and nerve injury after
radiotherapy can be significantly reduced (69, 70). Evidence shows
that more than 80% of patients can achieve significant remission of
CIBP in a few days. Importantly, the safety of spinal SBRT depends
on the tolerance of adjacent organs, especially the spinal cord. On
the premise of ensuring the safety of the spinal cord, the radiation
dose can be appropriately increased to avoid recurrence at the outer
edge of the tumor target area. In clinical application, the strategy
that radiotherapy combined with other therapies is common in
manage CIBP in bone metastasis. Compared with radiotherapy
alone, those strategy has a higher pain relief rate (71, 72).
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Radiofrequency ablation

Radiofrequency ablation (RFA) includes microwave ablation
and low-temperature ablation. RFA can be combined with
radiotherapy and surgery. Research shows that RFA is associated
with effective local pain control in around 64-77% of cases, which
can relieve 70-100% of the pain related to bone metastases. After
RFA treatment, PVP or PKP can prevent fracture and stabilize the
surgical effect (73). However, the application of RFA must be
carefully considered particularly in cases where structures such as
the spinal cord, main nerves and blood vessels are within 1 cm of
the tumor.

Bone-targeted therapy

Bisphosphonates are pyrophosphate analogues that combine
with hydroxyapatite on the bone surface, directly inhibiting the
attachment, differentiation and maturation of osteoclasts, which
reduces the rate of bone absorption. Bisphosphonates have become
the standard of care for bone metastases and have been shown to
reduce the incidence of hypercalcemia and the rate of SREs. Studies
have shown that regardless of whether radiotherapy and
chemotherapy are combined, bisphosphonate treatment reduces
the occurrence of CIBP (74). However, it is worth noting that
bisphosphonates do not have a significant inhibitory effect on
acute pain.

The RANKL/RANK signal pathway is a central to the regulation
of osteoclast differentiation and activation. RANKL activates RANK
binding on the surface of osteoclast precursor cells, and promotes
osteoclast maturation. Denosumab, the most widely used RANKL
inhibitor, prevents RANKL from combining with RANK, thus
inhibiting the formation and activation of osteoclasts, result in
reduced bone absorption and increased bone mass. Treatment with
denosumab has been shown to inhibit tumor metastasis (75-77).

It is worth mentioning that many studies have found that
compared with bisphosphonates, Denosumab have more
advantages in reducing SREs and alleviating pain (76, 78, 79).

NGF inhibitor

Many humanized anti-NGF antibodies have shown encouraging
results in clinical trials. Moreover, anti-NGF antibodies has a
significant inhibitory effect on CIBP, especially neural cancer pain.
Additionally, experiments in mice show that NGF antibody
treatment reduces bone damage caused by tumors, delays fracture
time, and prolongs the use of tumor-carrying limbs, although the
underlying mechanisms of these effects are unknown (32). Both
exercise and weight bearing can promote bone health. However,
there are no studies on the ability of NGF to promote the recovery of
patients’ motor function. Once bone metastases are diagnosed, some
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patients decline surgery since the chance of removing all tumor cells
is very slim. As a result, NSAIDs and weak opioids are commonly
used as first-line treatment according to the principles of three steps
of cancer medication. After cancer pain develops to a certain extent,
strong opioids are often used to control the pain. Since the growth of
nerves and the formation of peripheral sensitization may be
implicated in the early stages of bone metastasis formation, there is
limited potential for successful treatment with anti-NGF therapy. At
present, we could not identify any studies evaluating the effectiveness
of anti-NGF therapy for the prevention of CIBP.

Anticonvulsants and antidepressants

Neuropathic pain is an important component of CIBP.
Therefore, in recent years, pregabalin has been increasingly used
in the treatment of CIBP and is particularly effective especially for
medium- and short-term CIBP (80, 81). The efficacy of gabapentin
in the treatment of CIBP is limited.

Antidepressants including amitriptyline and duloxetine can also
be used for the treatment of neuropathic pain. Data show that both
of these drugs can help to improve quality of life in patients with
CIBP (12).

Traditional Chinese medicine

Traditional Chinese medicine can be used to treat pain,
including CIBP. The advantages of traditional Chinese medicine
include rich dosage forms, light toxicity and side effects, and
improved tolerability compared with more established methods.
For these reasons, it has gained traction as a treatment option for
patients with CIBP. Studies have shown that astragalus, psoralen,
scutellaria barbata, atractylodes macrocephala, and corydalis can
significantly inhibit CIBP in patients with cancer (82-85). Insect
drugs, such as scorpion and Huchansu have also been shown to be
effective for the management of CIBP (86-88).

Acupuncture is effective for alleviating pain and can help to
reduce the need for opioids (89). Electrical stimulation with
acupuncture combined with opioids has potential to reduce the
side effects associated with opioids and improve quality of life in
patients with CIBP (90-92). Research shows that acupuncture
activates sympathetic nerve fibers to increase endogenous opioids
at inflammatory sites to inhibit pain. Various inflammatory factors
such as B- Endorphin and 5-HT are implicated in the relief of pain
through acupuncture, both at the peripheral and central level (93).
Injection of acupoints can also reduce the frequency of cancer
pain (94).

Although the mechanisms of treating cancer pain with
traditional Chinese medicine are not yet fully elucidated, it is
clear that this form of medicine has unique advantages for
treating cancer pain compared with more commonly used
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methods. Going forward, it will be important to understand the
mechanisms by which Chinese medicine is able to reduce CIBP, and
to standardize usage and dosage to allow more widespread use.

Other therapy

Injection of a TNF-o antagonist can partly block the mechanical
hyperalgesia in oral cancer (95, 96). In addition, recent studies show
that the application of some immune agents, such as anti-PD-L1
monoclonal antibodies, Sting inhibitors, and in vitro immune cell
adoptive therapy can also relieve the pain caused by primary tumors
and bone metastases (97-100).

Conclusions

The management of CIBP is a complex issue for patients and
physicians. Active pain management, such as early surgical intervention
for eligible patients. Radiotherapy and microwave therapy can be
combined with surgical intervention to obtain a higher pain relief
rate and promote the patient to recover the patient’s nerve and activity
function as soon as possible. Early intervention with RANKL inhibitors,
bisphosphonates or anti-NGF antibodies in patients who are not
candidates for surgery may improve quality of life. Traditional
Chinese medicine and acupuncture also have the potential to become
important options for CIBP management. Overall, there is no single
solution for managing CIBP in all patients. Only by fully elucidating the
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Animal models of cancer
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Cancer metastasis is a major cause of mortality from several tumors, including
those of the breast, prostate, and the thyroid gland. Since bone tissue is one of
the most common sites of metastasis, the treatment of bone metastases is
crucial for the cure of cancer. Hence, disease models must be developed to
understand the process of bone metastasis in order to devise therapies for it.
Several translational models of different bone metastatic tumors have been
developed, including animal models, cell line injection models, bone implant
models, and patient-derived xenograft models. However, a compendium on
different bone metastatic cancers is currently not available. Here, we have
compiled several animal models derived from current experiments on bone
metastasis, mostly involving breast and prostate cancer, to improve the
development of preclinical models and promote the treatment of
bone metastasis.

KEYWORDS

bone metastases, animal models, breast cancer, prostate cancer, cell lines

1 Introduction

Metastasis is a frequent malignant manifestation of cancer in the mid to late stages of
tumor progression. Metastasis to the bone, one of the most common sites, occurs when
cancer cells migrate from the original site and invade bone tissue. It indicates adverse
prognosis, and can cause severe pain, fractures, impaired mobility, and death. The invasion
of cancer cells into target sites involves several stages. Initially, they invade the
surroundings of the original site, breaching the vasculature and entering the circulation.
Then, depending on molecular signals on cell membranes or in their microenvironment,
they invade a particular target organ along their path of circulation (1, 2). Although the
precise process has not been elucidated yet, the invasion appears to last many months if not
years (3). Once a bulk of invasive cancer cells agglomerate into a mass, metastasis begins.
Cancer cells modify the surrounding tissues and vasculature to favor their growth. Cancer
treatment often involves a combination of radiation, chemotherapy, and medications to
reduce the pain and inflammation.

Breast cancer, one of the most prevalent malignant tumors, exhibits a 40% likelihood to
eventually develop bone metastases (4, 5). Bone tissue is the most common target site of breast
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cancer. Bone metastasis reflects potential skeletal-related events and
poor clinical results. To improve the current therapies for bone-
metastasized breast cancer, animal models that mimic the human
tumor microenvironment have been used in preclinical experiments
(6). Prostate cancer is the second most frequently occurring cancer in
men. It preferentially metastasizes to the bone, and presents a worse
prognosis at the metastatic stage. Rarely lethal when restricted to its
primary site, the 5-year-survival rate of prostate cancer decreases by
29.8% when it metastasizes to the bone, explaining its rank as the fifth
leading cause of tumor-related mortality in males (7). Antimetastatic
agents need to be urgently developed and the prognosis following
bone metastasis must be improved.

Multiple animal models have been used in clinical research to
explore the mechanisms and prognosis of tumor metastasis.
Translational models have been used to study the advanced stages
of tumor metastases, reveal potential protein targets, and develop
metastasis-related treatments. However, fully reproducing human
bone metastases in animal models is difficult. Nevertheless, by
selecting different cell lines, animal strains, and tumor
transplantation methods, animal models can be constructed to
answer various questions.

In this review, we have discussed the animal models of bone
metastasis most commonly used in preclinical experiments and
their underlying mechanisms. No single model can represent all the
genetic mechanisms of bone metastasis, which requires whole-body
organisms. Here, we have compiled a selection of animal models to
assist in future studies (Figure 1).

2 Commonly used animals in building
animal models

Basing animal models of bone metastasis on general disease
models is unreliable. Because the etiology of bone metastasis of
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FIGURE 1
Schematic of basic bone metastases animal models methods.
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human and animal cancers is different, different cancers have
different metastatic targets. For example, mouse breast cancer
may preferentially metastasize to the lung, while human breast
cancer mainly metastasizes to the bone (2). Lung tumors may
specifically metastasize to the vertebral column (8, 9). Hence,
researchers are required to modify the animal models based on
their experiments. The mouse is the most common animal of choice

to construct bone metastasis models.

2.1 Breast cancer

Animal models based on human breast cancer cells are
commonly constructed using rodents, such as mice or rats, and
used in preclinical experiments (10). Both immunodeficient and
immunocompetent animals are used. Nude mice of the Balb/c
background are frequently used because they are susceptible to
both human and rodent breast cancer cell lines (2). Due to the lack
of a thymus, immune responses are hardly generated in most of
these mice following the injection of cancer cells, which significantly
improves the success rate of model construction. Non-obese
diabetic/severe combined immunodeficiency (NOD/SCID) mice
are immunodeficient mice commonly used in xenograft
experiments. Disabilities in the immune system of NOD/SCID
mice affect the growth of lymph cells as well as immune
signaling. Yin’s team used NOD/SCID mice paired with the
MDA-MB-231 cell line to investigate how runt-related
transcription factor 2, an osteogenesis-related factor, promotes
breast cancer and bone metastasis (11).

The demand for crossbred or genetically engineered mice has
also increased to better meet experimental needs (12-16). Mice that
have been crossed and repeatedly backcrossed can offer an in vivo
environment better suited to investigate the mechanism of breast
cancer bone metastasis (13). In Laura’s experiment, Colla-Krm2

Cell lines injection
methods
To produce animal
models with cell
lines

Cell strains
Different cell strains
to satisfy different
experiment needs
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mice were backcrossed with NOD/SCID/IL2ry" 4l (NSG) mice for
10 generations to introduce an immunocompromised background
(13). They found that cancer metastasis to other organs like the
spine may be prevented in rather young animals. By modifying the
animal model into adult mice and backcrossing over 10 generations,
they could focus on the early stages of human breast cancer
metastasis. Devignes’ team also backcrossed Floxed mice bred in
previous experiments with FVB/n wild-type mice for 10 generations
to achieve genetic reconstitution consistent with their experimental
requirements. Based on whether the HIF gene was expressed, mice
were divided into two groups to verify whether the HIF signaling
pathway in osteoblasts could promote breast cancer cell invasion
and bone metastasis (14).

Unlike these experiments, Mercatali’s team used zebrafish as a
special model to study bone metastasis (17). Visualizing zebrafish
embryos and easy genetic manipulation provide researchers with a
new method of studying cancer progression.

2.2 Prostate cancer

The first model of prostate cancer — the Dunning rat — exhibits a
spontaneous development of the disease (7). However, this model
did not show a tendency for bone metastasis, and R-3327 cells
derived from the Dunning rat can only metastasize to the lymph
nodes. Dogs are also listed as candidate animal models, but they
rarely develop prostate cancer due to the lack of androgen receptors
on their cell membranes (7). The internal organization of mice
femur includes a high-woven bone structure that is less
fibrolamellar in nature, providing conditions amenable for bone
metastasis (10, 18).

Transgenic mouse models have the advantage of lacking
immune responses to injected cells or xenografts (19). Transgenic
adenocarcinoma of the mouse prostate (TRAMP) is one of the most
famous transgenic models, exhibiting metastases to the lung and
lymph nodes rather than the bone (19, 20). The promoters
expressed in neuroendocrine cells, such as the probasin promoter
in TRAMP, drive transgenic oncogene expression. NOD/SCID
mouse is one of the most used immunodeficient animal models
in prostate cancer bone metastasis experiments (21-25). Landgraf
created a new model for studying prostate cancer bone metastasis
by modifying NSG mice with a humanized tissue-engineered bone
construct (hTEBC), which facilitates cancer cell growth (23).
Ganguly’s team injected PC3 cells into the tibia of 6-week-old
NSG mice to explore whether NOTCH3 induces tumor-specific
elevation and secretion via MMP-3 (21).

However, the existing models are still limited to some of the
detectable cancer-related factors, and cannot provide a
comprehensive or linear picture of bone metastasis.

3 Cancer cell lines

Both patient-derived cancer tissues and immortalized cancer
cell lines are used for transplantation. Patient-derived cancer tissues
show genetic concordance between the clinic and the animal
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models, and help to establish consistent animal models specific to
particular cancer cell lines. However, these models may face
obstacles in the form of ethics and tissue availability. Cell lines,
after several passages, can generate stable primary or secondary
cancer sites. Moreover, researchers can genetically edit cell lines by
using luciferase genes or knocking out certain genes (26-28).

3.1 Breast cancer

Immortalized human breast cancer cell lines, such as MDA-
MB-231, 4T1, and MCF-7, are more easily available than patient-
derived tissues. They possess obvious breast cancer target
characteristics, and can also exhibit a tendency for bone
metastasis after multiple passages (Table 1) (2, 5, 11, 51). They
can help restore human bone metastasis in animal models. The
bone-homing capabilities of MDA-MB-231 sub-lines can be
enhanced via generation injections, and up to 90% of MDA-MB-
231-bone cells can form neoplasms (52-54). Using 5-8-week-old
mice is vital to achieve bone metastasis via intracardiac, intra-
arterial, or intravenous injections. Farhoodi injected 4T1 cells into
the mammary fat pad of Balb/c mice, and then examined their legs
for bone metastases. Once its incidence was confirmed, the mice
were sacrificed to collect the metastatic tumor cells from the leg
bones. These cells were cultivated to purify tumor cells with bone-
metastatic tendencies (51). They purified their experimental cells to
improve the success rate.

Different pairs of cell lines can also be combined to test certain
concepts. Yin’s team compared MCF-7 and HCC1954 to validate
whether KRT13, a protein from the keratin family, promotes
stemness, metastasis, and cellular invasiveness (55). Han’s group
estimated the metastatic rate of different cell lines (56). They found
that the proliferation of MDA-MB-453, UACC-893, and HCC-202
cells increased in the eighth week, while MDA-MB-361, UACC-812,
BT-474, and ZR-75-1 cells exhibited moderate proliferation but
obvious migration. Using HCC-2218 and HCC1419 cells, tumors
did not form, suggesting that both lack the ability to metastasize to
the bone. The tumors formed by HCC-202 and MDA-MB-361 cells
decreased in size after the sixth week, indicating that these two cell
lines may not survive long-term metastasis (56). Eckhardt et al. also
tested several cell lines, and NSG mice were used in xenograft studies
involving MDA-MB-231 and SUM159 cells (37).

3.2 Prostate cancer

Like other cancer cell lines, those of prostate cancer also originate
from both humans and animals (Table 1). R-3327, derived from the
Dunning rat, has been used to investigate human prostate cancer due
to its spontaneous neoplasm development (57). Other animal-derived
cell lines, such as PA-IIT or AT6-1, naturally form osteolytic and
osteoblastic lesions similar to human bone metastases in animal
models (57-59). RM1, derived from the mouse prostate, is a highly
metastatic cell line, but does not metastasize to the bone (60).
Although it can induce consistent bone lesions in mouse models, it
is a transformed cell line, not a natural one.
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TABLE 1 Common cancer cell lines in bone metastases.

Cancer Cell
Lines

10.3389/fonc.2023.1165380

Metastases Preference

Model System

BCa MDA-MB- Human mammary adenocarcinoma from a 51-year-old Balb/c nude, MF1 nude, Mouse long bones, spine and jaw (29-34)
231 Caucasian female NSG
MCEF-7 Human mammary adenocarcinoma from a 69-year-old Balb/c nude, NOD/SCID Mouse long bones (32-34)
Caucasian female
T47D Human mammary ductal carcinoma isolated from a pleural Balb/c nude, NOD/SCID Mouse long bones (35, 36)
effusion
4T1 Stage IV mammary tumor from a female Balb/c ¢fC3H Balb/c cfC3H Mouse long bones, Spine, jaw, lungs, and
mouse spleen (37-40)
PCa PC3 Bone metastases from a 62-year-old white man Balb/c nude, NOD/SCID, Mouse long bones, spine (33, 41-45)
NSG
LNCaP Supraclavicular lymph node from a 50-year-old white man Balb/c nude, SCID Mouse long bones, spine (29, 46-48)
DU145 Brain metastases from a 69-year-old white man Balb/c nude, Ncr nu/nu, Mouse long bones (25, 45, 47, 49, 50)

BCa, breast cancer; PCa, prostate cancer.

PC3, DU145, and LNCaP are patient-derived cell lines
commonly used in prostate cancer animal models. They are easily
available and possess the basic prostate cancer cell targets. PC3,
derived from the bone metastases of a 62-year-old white man, was
selected by isolating highly invasive cells from bone metastatic
lesions. Landgraf implanted an hTEBC structure based on the
bone-homing properties of PC3 cells, followed by an intracardiac
injection of Luc-transfected cancer cells, facilitating the construction
of models for transferring the human osteoblast line PC3 to hTEBC
and the murine femur (23). Studies on LNCaP, PC3, and DU145
cells, all of which differ in their sensitivity to androgens, showed that
prostate cancer-secreted growth differentiation factor 15 modulates
the potential for bone remodeling in metastatic bone lesions (49, 61).
Lang’s team grouped five common prostate cancer cell lines to verify
whether PCAT7, a bone metastasis-related long non-coding RNA,
activates the transforming growth factor-f/suppressor of mothers
against decapentaplegic signaling pathway by upregulating
transforming growth factor-f} receptor 1. Its negative correlation
with miR-324-5p was also investigated (62). Sohn’s team tried to
intracardiacally inject LNCaP cell lines grouped with CD133". The
overexpression of CD133" in LNCaP cells enhanced their cancer
stem cell-like characteristics in terms of colony formation, migration,
etc. The CD133" group exhibited a bone metastasis rate of 80%,
compared with 20% in the Vec group. Moreover, the CD133" group
showed a significant violation of the diffuse osteolytic characteristics
of the spinal cord and the vertebral bodies (29).

4 Preparation of cell lines for
transplantation

4.1 Orthotopic inoculation of cells
In situ injection of cancer cells best reproduces the process of

cancer metastasis in the human body. Injected into mouse mammary
fat pads, tumor cells can be seeded through the vasculature towards

Frontiers in Oncology

NOD

the target organs - a method that achieves 40-60% of bone
metastases in breast cancer animal models (63). To study the
function of TIE2, a tyrosine kinase receptor, in osteolytic bone
metastasis, Drescher’s team administered both bilateral mammary
fat pad injections and left ventricular injections to the grouped mice.
The correlation between carcinoma in situ and bone metastasis was
evaluated to determine whether TIE2 inhibition stimulates the
dormant breast cancer cells and promotes bone metastasis (34).
Likewise, Spadazzi’s team injected MCEF-7 cells into the left
ventricle and mammary fat pads of NSG mice to investigate
whether trefoil factor-1 could exert estrogen-induced effects (64).

However, this method suffers from a considerable variation in
metastatic tumor growth, besides the comorbidity caused by
development of the tumor (Table 2) (73). In addition, it poses the
problem of small bone metastases while the primary tumor has
grown beyond an ethically reasonable size (5), which seriously
compromises the detection of stimulated bone metastases.

Some scientists have also suggested subcutaneous allografts to
model bone metastasis. Peiffer’s team provided a detailed protocol
of resecting subcutaneous prostate cancer allografts from
immunocompetent mice (65). Bone metastases, abdominal cavity
metastases, and local invasion all occurred in eight mice. This study
demonstrated that resection of subcutaneous allografts from mice
can lead to the development of metastasis; however, the duration of
the experiment was extended by the removal of the prostate gland
and precise operations.

4.2 Intravascular injection

Intravascular injection is a way of inoculating cells into the
blood circulation. Unlike in orthotopic or ectopic inoculation,
tumor cells injected via this method can localize to the target site
through the intravascular circulation (Table 2) (66). Intra-arterial
injections are usually administered to the left ventricle, limiting the
clearance of cells that occurs when they pass through the lung
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TABLE 2 Implantation methods for bone metastases models.

Module of metastases
studied

Cell Injection

Methods

Advantages

10.3389/fonc.2023.1165380

Disadvantages

Orthotopic Primary tumor and invasively
Inoculation distant metastases
Intracardiac Circulation and metastases

Caudal Vessels Circulation and metastases

Intraosseous Bone metastases

metastases models

Allografts/Xenografts Depend on location

capillaries (10, 53, 67). Tail vein injection, which is the more
common intravenous injection today, effectively increases the rate
of bone metastasis while also increasing the rate of mortality in
mice (51).

Animal models currently rely on intracardiac injections to
realize the process of bone metastasis. Tumor cells are injected
into the circulation through the left ventricle of mice, after which
they go through the processes of adhesion, degradation, and
migration to finally cause metastases in different organs, thereby
simulating the process of bloodway metastasis of tumors. Using
intracardiac injections to probe the role of cancer-associated factors
in the regulation of tumor bone metastasis has become the preferred
modeling approach (44-46). Zheng et al. used this method to prove
that osteoblastic Niche-derived Jaggedl sensitizes bone metastases
(15). Wang’s team showed that the bone sialoprotein-ovf3 integrin
axis functioned significantly more efficiently in cancer cell bone
metastasis when integrin was overexpressed. For comparison,
stained specimens of the brain, lung, tibia, and femur were
collected after left ventricular injection in nude mice (52).
Although the postoperative mortality is relatively high, the
survival rate can still exceed 90% with practice.

Caudal vessel injection can produce a higher rate of metastasis
to the leg bone than to other vital organs. This method offers better
accuracy than intracardiac injection because the visibility of tail
vessels enables researchers to observe the flow of cancer cell fluids
within (74). Caudal vascular injections can either be intravenous or
arterial. Injecting through the tail artery will reduce the elimination
of tumor cells in pulmonary capillaries and improve the success rate
of colonization to the bone, while tail vein injection will promote
tumor metastasis to the lung (2, 51, 74). In Farhoodi’s experiments,
the 4T1 cell model tail artery injection mice showed a significant
number of tumor cells localized to the subinguinal fat pad and the
leg bone (51). Tumor cells were found in the leg bones of all 32 mice
injected through the tail artery, and the rate of bone metastasis
following complete tail veil injection was greater than 90% as well.
Metastases were also detected in 70% of other target locations 2
weeks post-injection. Hamaidi et al. determined the effect of Lim1
on the adhesion, epithelial-mesenchymal transition, invasion, and
metastatic progression of cancer cell surface targets after injection of
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Study of tumor growth in situ and distant

Easily producing metastases
More visualization of circulation inoculation

Most convenient and successful method for bone

Reflecting natural heritability and cellular
heterogeneity

145

Unstable bone metastasis success rate (65-67)
metastases

Requiring sophisticated skills (68-70)
Potential lung metastases (7, 24, 51)

Not reflecting the complete course of tumor
metastasis (71)

Usually requiring immunodeficient mice and high
maintenance (23, 72)

the renal carcinoma cell line Caki2/786 through the lateral caudal
vein of nude mice (75). However, caudal vein injection also resulted
in metastatic foci in the lungs of mice.

Multiple factors affect the success of experiments involving
vascular injection. Operator skill gaps, standard cell operation
procedures, and pressure within the caudal vessels can all
influence the growth rate and success of tumor bone metastasis
(51). Dilation of the caudal vessels prior to injection or the use of
fluorescein to reveal vessel flow can improve the effectiveness of the
injection. Non-directed intracardiac injection is still associated with
a risk of thrombosis due to the procoagulant activity of tumor cells
after accurate completion. The mortality of post-inoculation animal
models may be reduced by injecting low-molecular weight heparin
into the tail vein 10 minutes before inoculation (76).

4.3 Intraosseous injection

Metastatic tumors can bypass the pre-metastatic process if they
are directly ectopically implanted into the bone. The growth of
tumor cells inside the bone depends on their interaction with bone
cells and the bone microenvironment (Table 2) (77, 78). Therefore,
while intraosseous injection can help examine local tumor behavior
within the bone microenvironment, it cannot be used to study the
early stages of bone metastasis (79). Researchers typically inject
50,000-100,000 cancer cells directly into the tibia or femurs of mice,
avoiding the possible comorbidity of the animals’ primary tumor
(80, 81). Chen et al. observed that Brachyury, one gene affects tail
length in mice, was expressed at a low level in the highly metastatic
MDA-MB-231 cell line while it was highly expressed in the poorly
metastatic T47D cell line when breast cancer cells were injected into
the top anterior condylar region of the right tibia of mice. Nude
mice showed significant swelling at the injection site 4 weeks post-
injection, and X-ray revealed tumor-induced osteolytic lesions (35).
After injecting prostate cancer cells into the left tibia of Balb/c nude
mice, Thulin’s team performed bone tumor development status
assays using peripheral quantitative computed tomography (CT)
and microCT to investigate the effect of signal transducer and
activator of transcription 3 (STAT3) inhibitors on STAT3-regulated
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prostate cancer bone metastasis. The STAT3 inhibitor treatment
resulted in an intact tibial bone microenvironment with no tumor
formation or sclerotic response in mice, whereas the VCaP group
showed sclerotic bone tumor response up to 85% (48).

4.4 Allograft and xenograft models

Transplanting allogeneic or xenogeneic tissues into animal
models is a common way of modeling bone metastasis (Table 2).
Since animals with different genetic backgrounds respond to
allogeneic tissues differently, selecting the appropriate tissue
source is especially important. In the case of xenografts, patient-
derived tumor tissues can better reflect the biological characteristics
of tumor bone metastasis in humans (82). Patient-derived
xenografts aim to directly transplant human tumor tissue into
immunodeficient mice, which represents natural heritability and
cellular heterogeneity in human cancer better than simple cell-
transplantation models (83). Among animal models, xenografts can
only be performed in immunocompromised or immunodeficient
animals. Aoki et al. first grew tumor tissue from bone metastases by
intraperitoneally injecting it into male thymus-free nu/nu nude
mice (42). The tumors were surgically processed to 1-mm’
fragments to be implanted into the proximal left tibia of the nude
mice when they reached 10 mm in diameter. They observed tumor
growth in all eight mice. Landgraf’s hTEBC model is likewise based
on the low immune response of NSG mice to xenografts, while
adding humanized components to mimic human tumor bone
metastasis as satisfyingly as possible in mice (23).

5 Assessment of animal models of
bone metastasis

After injecting cancer cells into mice, bone lesions develop
quickly, necessitating researchers to detect physiological conditions,
bone changes, and tumor lesions in a timely manner.

Establishing bone metastasis models using luciferase or
fluorescent protein-labeled cell lines allows researchers to monitor
tumor development in the bones of living animals (15, 39-41).
Oliemuller et al. studied the effects of SOX11 on cell invasion and
bone metastasis using DCIS-Luc cells, generated by transducing the
cells with luciferase 2 lentiviral particles (84). Arriaga’s team bred
NPK*™ mice by crossing NPK mice with the Rosa-CAG-LSL-
EYFP-WPRE reporter allele, facilitating in vivo fluorescence
visualization and quantification of YFP-positive prostate tumors
and metastases (85).

In turn, instrumentation such as the IVIS system can provide
more accurate quantitative indicators through fluorescent or
bioluminescent readings obtained from tumors (76-78).
Typically, tumor growth in the bone is measured once or twice a
week. The area of osteolytic lesions and abnormal bone remodeling
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can be assessed visually by X-ray or in vivo microCT (45-47, 85).
Hinz’s team then used the IVIS system. After injecting MDA-MB-
231 cells into the left ventricle of NSG mice, they performed IVIS
bioluminescence assays weekly to assess osteolytic lesions caused by
bone metastasis from triple-negative breast cancer. The inoculation
of AKT3-knockout 231-BO cells into NSG mice resulted in
enhanced bone metastases (86). Another team validated the effect
of intracardiacally injecting MDA-MB-231-derived osteotropic cells
into nude mice by examining osteolytic lesions in their hind tibia
and femurs by microCT. MicroCT images showed that NKX2-8-
silenced cell lines were more likely to produce earlier bone
metastases, while its overexpression delayed the appearance of
metastases, inhibited osteoclast activity, and reduced bone
metastatic lesions (87).

At the end of the animal test, the mice should be examined
simultaneously for extraosseous metastases. All relevant organs and
metastases are fixed in 10% formalin for analysis. For histological
studies, samples are fixed in paraformaldehyde for 24-48 hours and
then decalcified in paraformaldehyde/ethylenediaminetetraacetic
acid solution for 2 weeks. The decalcified paraffin-embedded bone
should be sectioned for hematoxylin and eosin staining and
evaluated using image analysis software. Bone conversion-related
growth factors in the serum can also be assayed (88, 89). Metastases
from the lung, liver, and brain tissue can likewise be analyzed and
studies investigating the correlation between the area and the
number of bone metastases can be performed (90).

6 Conclusion

Bone metastasis is a common manifestation of cancer
deterioration in the mid and late stages of the disease. Much
research has been done on the invasion of cancer cells, from
migration to the bone tissue and beyond; however, much needs to
be understood yet. Animal models are vital tools in preclinical
metastatic experiments that can help identify the key steps in bone
metastasis. Here, we have summarized the experimental animals,
cell lines, cell implantation techniques, and evaluation methods
used while studying common breast and prostate cancer bone
metastases. For preclinical animal testing, immunodeficient
animals are used to achieve xenograft growth without eliciting a
host immune response. In preclinical studies, many investigators
have successfully improved the success of tumor cell colonization to
the bone by backcrossing cell lines and transgenic mice. More
importantly, most animal tests related to cancer bone metastasis
have been performed using cancer cell line injection models.
Although the early stages of bone metastasis cannot be studied,
these models are effective for studying the interaction between
cancer cells and the bone microenvironment.

However, using mice to study human tumor immunity has its
limitations. The differences in bone metastasis pathways between
humans and animal models can explain why the success of
preclinical treatments is not perfectly reproduced in humans. The

frontiersin.org


https://doi.org/10.3389/fonc.2023.1165380
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Yu et al.

inability to present a complete and comprehensive picture of the
whole process of bone metastasis is also a problem that needs to be
addressed while engineering animal models today.
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Clinical efficacy of customized
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the treatment of femoral

shaft metastases
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Purpose: To examine clinical outcomes of a specialized modular prosthesis used
to fill a bone deficiency following removal of femoral shaft metastases.

Methods: Eighteen patients with femoral shaft metastases who underwent en
bloc resection and implantation of a personalized modular prosthesis between
December 2014 and December 2019 were retrospectively analyzed. Pain, limb
function, and quality of life were evaluated using the visual analog scale (VAS),
Musculoskeletal Tumor Society (MSTS) scale, International Society of Limb
Salvage (ISOLS) scoring system, Karnofsky Performance Status (KPS) scale, and
Nottingham Health Profile (NHP) scale. The Kaplan—Meier technique was used to
analyze patient survival.

Results: The operation duration was 90-150 min (mean, 115 min), and the
osteotomy length was 9-16 cm (mean, 11.72 cm). The patients were followed for
12-62 months (mean, 25.28 months). The VAS and NHP ratings were lower at 3,
6, and 12 months after surgery than before surgery, while the MSTS, ISOLS, and
KPS scores were higher after surgery than they had been before. These
differences were statistically significant (P<0.05). The survival period was
between 7 and 62 months (mean, 20.89 months), and the rates of survival at
1-year and 2-year were 72.22% and 27.78%, respectively. Except for two patients
with aseptic prosthesis loosening during the follow-up period, there were no
problems.

Conclusion: En bloc excision and implantation of a personalized modular
prosthesis can reduce pain and improve the ability of patients with femoral
shaft metastases to perform daily activities, thereby improving their quality of life.

KEYWORDS

femoral shaft, bone metastases, en bloc resection, customized modular prosthesis,
surgical treatment
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1 Introduction

The long bones of the limbs are frequently affected by bone
metastases, and the femoral shaft is the most frequently affected site,
accounting for 25% to 71% of long bone metastases, 25% of which
lead to pathological fracture (1). Metastases in the femoral shaft can
result in excruciating pain, limb impairment, and lower quality of
life (2). Bone metastases weaken bones and cause pathological
fractures, both of which are significant risk factors for death (3).
The best treatment plan must be chosen to prevent and treat
pathological fractures in patients with bone metastases (4).

There is a broad agreement that limb salvage surgery enhances
the quality of life of patients with limb shaft metastases owing to
recent advancements in radiotherapy, chemotherapy, surgical
techniques, targeted therapy, and immunotherapy for
comprehensive cancer treatment (5). Following the removal of a
bone tumor, several reconstruction techniques can be used, each
with advantages and disadvantages. These techniques include
biological reconstruction, artificial articulation-allograft
reconstruction, intramedullary needle fixation, plate screw
fixation, and tumor prosthesis replacement (6, 7). The most
popular reconstruction technique in limb salvage surgery is
prosthesis replacement because it can quickly relieve pain and
restore limb function, while having a low incidence of post-
operative complications (8-10).

Because of their positive clinical outcomes, personalized
modular prostheses have recently gained recognition as a new
treatment option for femoral shaft metastases (11-13). Intercalary
prosthesis implantation provides the advantages of no delayed end
healing and no autogenous or allogeneic bone fractures (14-16).
Early post-operative functional exercise is possible because the
prosthesis has good strength and can bear significant stress,
provided that the post-operative limb force line is normal.
Additionally, because the prosthesis may be customized, the
osteotomy plane can precisely reach the area that needs to be
excised, thereby reducing the chance of local recurrence. En bloc
resection and intercalary prosthesis insertion take less time during
surgery when the diaphysis is being repaired following large-
segment osteotomy.

However, the surgical impact, functional success, and
consequences of the treatment of femoral shaft metastases are not
entirely obvious owing to the short duration of clinical use. This
study sought to provide 18 patients with femoral shaft metastases
with an effective surgical alternative by summarizing the results of
en bloc resection and installation of tailored modular prostheses.

2 Materials and methods

2.1 Ethical approval and consent
to participate

This retrospective study adhered to the Declaration of Helsinki

and was authorized by our school’s Ethics Committee. Our ethics
committee approved the process and data collection.
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2.2 Inclusion and exclusion criteria

The inclusion criteria were as follows: femoral shaft metastases,
an expected survival time of >3 months, an effective fixation length
of the remaining bone marrow cavity at both ends after osteotomy
of >5 cm, pathological fractures or a Mirels score of >9, and
complete data with a follow-up period of >3 months. Patients
with poor general health who could not handle anesthesia or
surgery were excluded.

2.3 Patients

In Wuhan Hospital of Traditional Chinese and Western
Medicine (Wuhan No. 1 Hospital) and Union Hospital, Tongji
Medical College, Huazhong University of Science and Technology,
18 patients (of which five had pathological fractures) with femoral
shaft metastases were treated between December 2014 and
December 2019 by employing en bloc excision and implantation
of a personalized modular prosthesis. There were 11 men and seven
women aged 46-79 years (median, 65.94 years) in this group. All
patients’ lower limb pain and activity restrictions led them to visit
the hospital. The central segment of the femoral shaft was the
location of the tumor lesions in all cases. The primary tumor types
were lung cancer (n = 7), kidney cancer (n = 4), breast cancer (n =
2), thyroid cancer (n = 2), cervical cancer (n = 1), colon cancer (n =
1), and stomach cancer (n = 1).

2.4 Prosthetic design

Magnetic resonance imaging and preoperative radiography
were performed to customize the modular prosthesis, which was
created and produced by Beijing Lidak Technology Co., Ltd.
(Beijing, China). The distal and proximal prosthesis stems, as well
as the intermediate screws, were the main parts of the prosthesis,
which were made of a titanium alloy (Ti6A14V). The distal and
proximal prosthesis stems were grooved, and a two-fold taper
connected the implanted prosthesis to the bone (Figures 1A, B).

2.5 Surgical procedure

The lateral thigh approach was used in patients who were
positioned in the supine position. The length of the incision was
chosen based on the degree of tumor involvement revealed on
preoperative magnetic resonance imaging. Following skin and deep
fascia incisions, the tumor location of the femoral shaft metastases
was visible between the vastus lateralis and vastus posteris. The
degree of intramedullary invasion revealed by magnetic resonance
imaging was used to calculate osteotomy length and plane. The
periosteum was removed at the osteotomy plane, and periosteum
strippers were positioned on either side to safeguard nearby soft
tissue. To complete en bloc resection, a chainsaw was used to chop
the diseased bone fragment (Figures 2A, B).
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FIGURE 1

Schematic diagram of the customized modular prosthesis. (A) The decomposition components include the distal prosthesis stem, proximal
prosthesis stem, and two intermediate screws. (B) Schematic diagram of the assembled intercalary prosthesis.

The medullary cavity was completely enlarged (Figure 2C), and
the prosthesis was placed (Figure 2D). The bone marrow cavity was
filled with bone cement and reset according to the designated
normal limb force line. The prosthesis stalk in the fixed region of
the medulla was at least 5 cm long. To position the prosthesis
correctly, the medullary cavity was filled with a prosthesis stem
coated with bone cement (Figure 2E). Once the bone cement cooled
and dried, the connecting piece was secured with two screws, and
the segmental prosthesis was then attached (Figure 2F). The
extracted bone was submitted to a pathologist for analysis. A
negative pressure drainage tube was inserted after full hemostasis,
and the surgical incision was stitched together layer-by-layer. In
Figures 3, 4, two typical instances of femoral shaft metastases after

en bloc excision and implantation of a specially designed modular
prosthesis are shown.

2.6 Post-operative treatment

A negative pressure drainage tube was typically installed for 48
h and withdrawn when the daily discharge dropped below 50 mL.
Analgesia, anticoagulant treatment, and postoperative infection
control were frequently administered. A variety of post-operative
systemic therapies, including radiotherapy, chemotherapy,
hormone therapy, biotherapy, and immunotherapy, were used,
depending on the systemic health of the patient and the features

FIGURE 2

Surgical procedure. (A) The distal diseased bone is cut by a chainsaw. (B) The diseased bone is removed. (C) The medullary cavity is expanded. (D)
Simulated prosthesis is installed. (E) The prosthesis is locked with screws. (F) Intercalary prosthesis is assembled.
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FIGURE 3

10.3389/fonc.2023.1115898

A patient with isolated metastasis of the right femoral shaft. (A) Emission Computed Tomography showing an isolated metastatic lesion in the right
femoral shaft with active metabolism. (B) Radiograph showing osteolytic destruction of the right femoral shaft. (C, D) Magnetic resonance image
showing decreased T1-weighted image signal and increased T2-weighted image signal, consistent with the diagnosis of osteolytic bone metastases.
(E) Post-operative radiograph of customized modular prosthesis implantation.

of the underlying metastatic tumor. Bisphosphonates or denosumab
were administered for the management of bone pain and
prevention of skeletal-related events.

2.7 Outcome assessment

The amount of intraoperative blood loss, surgery time, wound
healing time, postoperative infection, internal fixation loosening or
fracture, and re-fracture were recorded. After surgery, distant
metastasis and local recurrence in the affected limb were
routinely monitored.

Pre and post surgery (at 3, 6, and 12 months), the severity of
pain was assessed using the visual analog scale (VAS), with a high
score denoting severe discomfort (17). Lower limb function was
assessed using the Musculoskeletal Tumor Society (MSTS)
functional score, with a total score of 30; a high score indicates
good function of the affected limb (18). A high score implies good
limb function in the International Society of Limb Salvage (ISOLS)
rating system (19). The Karnofsky Performance Status (KPS) scale

was used to evaluate functional status; a high score indicates good
functional health (20). The Nottingham Health Profile (NHP) scale
was used to measure quality of life; a low score suggests minimal
functional impairment and a good quality of life (21).

2.8 Statistical analysis

SPSS (version 21.0; IBM Corp., Armonk, NY, USA) was used
for the statistical analysis. Using the paired sample t-test, the VAS
pain, functional, and quality of life scores were compared. Statistical
significance was set at P<0.05.

3 Results

Table 1 lists the traits of the study participants. Each patient
underwent an effective surgery and had stable vital signs throughout
the procedure. Following surgery, post-operative pathology findings
revealed bone metastases despite total removal of all tumors. The

FIGURE 4

A case of metastatic lesion of the right femoral shaft with pathological fracture. (A) Radiograph showing osteolytic destruction of the right femoral shaft
(B, C) Long T1 and T2 signal shadows in the medullary cavity, local nodular changes, swelling of the surrounding muscle group, and increased signal. (D)
Post-operative radiograph of customized modular prosthesis implantation. (E) Functional photo of the patient on the third postoperative day.
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TABLE 1 Clinical characteristics of patients.

10.3389/fonc.2023.1115898

Case Sex Age, Pathological Follow-up Primary site of Surgical Osteotomy First time of Local Survival
no. years fracture time, month metastases duration, length, cm postoperative recurrence  time, month
min ambulation, days
1 Female 63 No 32 lung cancer 120 10 4 No 32
2 Male 54 No 28 breast cancer 100 12 3 No 21
3 Male 68 No 45 lung cancer 110 15 5 No 38
4 Female 63 Yes 37 kidney cancer 120 11 4 No 26
5 Male 72 No 12 thyroid cancer 90 10 6 No 9
6 Female 56 Yes 18 breast cancer 110 9 5 No 18
7 Male 69 No 15 lung cancer 140 10 4 No 15
8 Male 64 No 26 kidney cancer 100 12 4 No 10
9 Male 71 No 18 lung cancer 120 14 5 No 7
10 Female 62 Yes 16 kidney cancer 130 10 3 No 11
11 Male 79 No 22 stomach cancer 115 16 6 No 19
12 Female 72 No 17 thyroid cancer 150 11 5 No 17
13 Male 58 Yes 62 lung cancer 125 14 4 No 62
14 Female 61 No 25 cervical cancer 105 12 5 No 25
15 Male 66 No 18 lung cancer 100 13 7 No 18
16 Male 75 No 26 lung cancer 120 10 3 No 17
17 Female 71 Yes 15 colon cancer 110 12 5 No 8
18 Male 63 No 23 kidney cancer 105 10 4 No 23

osteotomies ranged in length from 9 to 16 cm (mean, 11.72 cm),
and the surgical duration ranged from 90 to 150 min (mean, 115.00
min). Patients were monitored for 12-62 months (mean, 25.28
months). No issues emerged during the observation period, except
for two patients’ aseptic prostheses becoming looser.

The VAS and NHP scores decreased at 3, 6, and 12 months after
surgery; however, the MSTS, ISOLS, and KPS scores increased, and
the changes were statistically significant (P<0.05) (Table 2). The
survival period was between 7 and 62 months (mean, 20.89
months), and the 1-year and 2-year survival rates were 72.22%
and 27.78%, respectively (Figure 5).

4 Discussion

Patients with local tumor control, close pathological fractures,
or failure of preventive internal fixation are candidates for whole-
segment excision of primary or metastatic long-shaft malignancies
(10, 22). Following a major resection of a diaphysis tumor,
reconstructive techniques include the placement of massive
allografts or autografts, replantation of inactive tumor bone,
distraction osteogenesis, and insertion of segmental prostheses
(23-27). Large allograft segments are immobilized during
allograft implantation using intramedullary nails or steel plates

TABLE 2 Comparison of preoperative and postoperative pain, functional status, and quality of life.

Preoperative* Postoperative third month

Postoperative sixth month*

Postoperative twelfth month==

Pain degree
VAS score 8.54 + 1.02 4.38 £ 0.57 2.38 £ 0.52 245 +0.22
Limb function
MSTS score 22.17 + 1.75 27.56 + 1.98 28.28 + 1.56 28.75 + 2.13
ISOLS score 21.36 + 1.06 25.69 + 1.32 2791 + 131 28.19 + 1.72
Life quality
KPS score 61.83 £5.38 75.98 + 5.40 77.58 £ 291 78.87 £ 1.72
NHP score 290.48 + 28.56 226.42 + 18.57 195.76 £ 23.18 195.26 £ 17.93

VAS, visual analogue scale; MSTS, musculoskeletal tumor society system; ISOLS, international society of limb salvage; KPS, karnofsky perfor mance status; NHP, nottingham health profile. *: the
postoperative third, sixth, and twelfth months compared to the preoperative, P<0.05; **: compared to postoperative third month, P>0.05; ***: compared to postoperative sixth month, P>0.05.
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Survival time of patients. (A) The 1-year survival rate was 72.22%. (B) The 2-year survival rate was 27.78%.

(28). If the transplant is successful, no future revision surgery is
required because the bone may permanently fuse with the allograft.
Additionally, the transplanted allograft bone may cling to the
repaired soft tissue, improving the post-operative stability (29).
However, allografts have several major disadvantages, including
allograft or residual bone fracture, graft rejection, non-union or
poor matching between the allograft and autologous bone, and
allograft non-union (30, 31). Additionally, even without a rejection
reaction, the transplanted autologous bone may be unable to
support weight for a considerable amount of time following the
procedure, severely impairing the quality of life and reducing the
function of the damaged limb (32). This approach cannot be used to
reconstruct a significant backbone defect and carries the risk of graft
breakage (33). After receiving inactivation treatment, the tumor
tissue from the bone that constitutes the tumor segment is removed
and replanted in its original location, restoring the continuity of the
limb (34). However, it has drawbacks such as wound non-union,
infection, fracture non-union, and replanted bone fracture, which
have resulted in this kind of surgical method to be gradually
abandoned (35). Distraction osteogenesis is a lengthy treatment
that does not promote functional recovery or post-operative
radiotherapy, carries the potential risk of needle tract infection,
and is inappropriate for patients with metastatic disease (36).

The broad resection and repair of diaphysis tumors have
recently used intercalary prosthesis implantation owing to the
rapid development of biomaterials, biomechanics, iconography,
internal fixation technology, and other procedures (10, 37, 38).
Intercalary prosthesis implantation is clearly superior to
intramedullary needle fixation, allogeneic bone transplantation,
external fixation, and other techniques in terms of resisting
extrusion, bending, and twisting (6). In a previous investigation,
intercalary prosthesis implantation did not cause graft fracture or
fracture healing after autologous and allogeneic bone
transplantation (39). Functional exercise can be guaranteed in the
early post-operative period, and normal function of the affected
limb can be restored relatively sooner as the prosthesis has enough
strength to bear stress similar to normal bone tissue, provided that
the post-operative anatomical force line of the limb is normal (6).
The osteotomy plane can precisely reach the area that needs to be
excised because of the prosthesis’s ability to be customized, thereby
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lowering the local recurrence rate (40). In the case of diaphysis
repair after large-segment osteotomy, the duration of the intercalary
prosthesis implantation procedure is similarly reduced. These are
well-known advantages of using an intercalary prosthesis over other
types of restorations. These findings show that installing a tailored
modular prosthesis has the added benefits of less trauma and less
procedure time.

After intercalary prosthesis implantation, problems include
prosthesis loosening, prosthesis wear, and prosthesis fracture,
with prosthesis loosening being the most significant (41).
Deviation of the limb force line is caused by loosening of the
prosthesis, which can negatively impact the quality of life and
necessitate reoperation. When the residual diaphysis or prosthesis
cavity stalk becomes shorter following osteotomy, resulting in
uneven tension on the prosthesis, prosthesis loosening may
develop. Otherwise, it would be impossible to use bone cement to
secure the prosthesis (42). In the case of a short prosthesis cavity
stalk, some researchers have inserted an external cortical plate for
better fixation to prevent prosthesis loosening; however, its long-
term effects are yet to be determined (10). Despite the high
prevalence of prosthesis loosening following surgery, few patients
require reoperation for this complication (16, 43). Huang et al.
described 16 cases of femoral metastatic tumors with pathological
fractures treated with intercalary prosthesis implantation, one of
which developed aseptic loosening 7 months following surgery (10).
Sewell et al. reported 18 cases of tibial cancer treated with
intercalary prosthesis implantation, four of which exhibited
aseptic loosening. The authors considered that a stronger
rotational force, larger medullary void in the metaphysis, and
problematic distribution of bone cement contributed to easy
loosening of the prosthesis (42). In our investigation, no
complications occurred throughout the follow-up period, except
for aseptic prosthesis loosening in two patients; however, revision
surgery was not performed because the patients’ function
was satisfactory.

In determining the success or failure of a surgery, post-operative
function is an essential factor. Several biomechanical investigations
(11) have proven that intercalary prostheses perform better than
conventional fastening systems under various types of loading
(four-point bending, torsion, and compression). Intercalary
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prosthetic repair is advantageous for patients with metastatic
diaphyseal malignancies because of the advantages of instant
stability, preservation of surrounding joints, and early return of
function, according to research employing intercalary prostheses (9,
12,16, 37,40, 41). The MSTS score is used to evaluate the functional
status of the musculoskeletal system of the skeleton after tumor
removal and repair. Obtaining an adequate knowledge of surgical
efficacy requires both subjective and objective post-operative
evaluations. Ahlmann et al. retrospectively evaluated the clinical
efficacy of intercalary prosthesis implantation in six patients with
diaphyseal bone tumors, with a mean follow-up period of 21.6
months, and reported an average MTST score of 27 points,
indicating that 90% of the functional status was restored (40).
Abudu et al. reported the clinical outcomes in 13 cases of tibial
and femoral diaphyseal tumors treated with intercalary prosthesis
implantation; at the most recent follow-up, 84% of the patients’
function had been restored (44). The average post-operative MSTS
score after intercalary prosthesis implantation for humeral
malignancies, as reported by McGrath et al. (43), suggested 77%
restoration of the patients’ functional status. In our study, the MSTS
scores at 3, 6, and 12 months post-operatively were, 27.56 + 1.98,
28.28 + 1.56, and 28.75 £ 2.13, respectively. The three-dimensional
printed prosthesis has a stronger bone integration effect and is
worth looking forward to. The host bone is closely embedded with
the prosthesis to achieve immediate stability, the microporous layer
on the surface of the prosthesis is fused with the host bone, enabling
long-term stability of the prosthesis (8, 9).

In the treatment of bone metastases, multimodal therapy is
emphasized to prevent the progression of pain and skeletal-related
events, and individualized treatment has become the direction of
future development (45, 46). A multidisciplinary team of
professionals in the diagnosis and treatment of bone tumors
should select the most appropriate treatment strategy based on
the patient’s unique condition, pathological type, metastasis, life
expectancy, and family financial standing (47). In our study, the
median survival time was 20.89 months, while the rate of
complications was only 11.11%; the lower complication rate is
more appropriate for patients with bone metastases who have a
limited survival time.

5 Conclusion

For the treatment of femoral shaft metastases, en bloc resection and
customized modular prosthesis implantation can reduce pain, improve
limb function, and improve the quality of life. However, owing to the
lack of a control group and the small sample size in our study, their
efficacy should be tested further. Additionally, owing to the great
variation in patients and primary tumors, it is difficult to generalize
accurate and reliable universal principles and conclusions.
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Objective: Pulmonary cement embolism is a rare but underestimated
complication of vertebroplasty due to the relative lack of study and
examination. This study aims to investigate the incidence of pulmonary
cement embolism in patients with spinal metastasis who undergo PVP with
RFA and to analyze the relative risk factors.

Methods: A total of 47 patients were retrospectively included and classified into
pulmonary cement embolism (PCE) group and non-pulmonary cement
embolism (NPCE) group by comparing pre- and postoperative pulmonary CT
scan images. The demographic and clinical information of the patients was
obtained. Demographic data in the two groups were compared using the chi-
square test for qualitative data and the unpaired t test for quantitative data.
Multiple logistic regression analysis was used to identify risk factors related to
pulmonary cement embolism.

Results: Pulmonary cement embolism was detected in 11 patients (23.4%), and all
patients were asymptomatic and followed up regularly. Risk analysis showed that
multiple segments (>3, p=0.022), thoracic vertebrae (p=0.0008), and unipedicular
puncture approach (p=0.0059) were risk factors for pulmonary cement embolism.
There was a high incidence of pulmonary cement embolism if bone cement leaked
into the para vertebral venous plexus in the thoracic vertebra (p<0.0001). Vein
leakage of cement was related to the integrity of the vertebral cortex.

Conclusion: The number of involved vertebrae, lesion location, and puncture
approach are independent risk factors for pulmonary cement embolism. There
was a high incidence of pulmonary cement embolism if bone cement leaked into
the para vertebral venous plexus in the thoracic vertebra. Surgeons should
consider these factors when formulating therapeutic strategies.

KEYWORDS

spinal metastases, pulmonary cement embolism, PVP, RFA - radiofrequency ablation,
cement vein leakage
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Introduction

The spine is the third common site of metastasis, following the
lung and the liver (1). It has been reported that approximately 60-
70% of patients with systemic cancer will have spinal metastasis (2).
Spinal metastases can cause spinal instability, pathological fractures
and spinal cord compression, all of which severely affect the quality
of life of patients, shortening their lifespans (3). With advancements
in cancer treatment, including radiotherapy, molecular targeted
therapy, and immunotherapy, the survival rate of cancer patients
has greatly improved, which amplifies the problems caused by
spinal metastases (4).

Minimally invasive techniques have shown great advantages in the
treatment of spinal metastases without causing severe neurological
deficits (5). Among these techniques, percutaneous vertebroplasty
(PVP) is most commonly used. It involves the percutaneous
injection of an acrylic cement, polymethylmethacrylate (PMMA),
into the vertebrae under image guidance (6). Vertebroplasty can
relieve pain by stabilizing the compromised vertebrae, and the pain
alleviation rate has been reported to be up to 70-94% (7-9). However,
vertebroplasty has a very limited effect on the control of tumor
progression (10).

Radiofrequency ablation (RFA) is another minimally invasive
treatment for spinal metastases. It focuses a high-frequency
alternating current through a needle electrode into surrounding
tissues under image guidance, resulting in friction heating and
tissue necrosis (11). RFA was first applied in the musculoskeletal
system to treat osteoid osteoma in 1992 (12), and now it has been
widely used to treat spinal metastases (13). The combined use of
vertebroplasty and RFA has been proven to be safe and effective in
treating spinal metastases for stabilisation and pain relief (14, 15).

Pulmonary cement embolism (PCE) is a rare complication of
vertebroplasty. The incidence is reported to vary from 0.3% to
28.6% in patients with osteoporosis fracture who have undergone
PVP or PKP (16-21). RFA is thought to decrease the risk of PCE
(15, 22, 23). It cause thrombosis of the venous plexus, which may
prevent embolization events during cement injection (22, 24, 25).
An animal study found that a layer of dense cord can be formed at
the edge of the tumor after RFA, and this biomembrane barrier can
prevent bone cement leakage into the spinal canal during PVP (26).
However, there is no related research on PCE in spinal metastatic
patients following PVP and RFA.

In this study, we report our experience with vertebroplasty and
RFA in the treatment of spinal metastases and analyze the risk
factors for PCE following the operation, aiming to help develop
therapeutic strategies and prevent this complication.

Materials and methods
Basic information
Spinal metastatic patients treated in the Department of

Orthopedics of the Cancer Hospital of the Chinese Academy of
Medical Science between February 2021 and February 2022 were
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retrospectively enrolled, and 47 patients were included in this
analysis. All patients gave written informed consent, and the
study was approved by the ethics board committee of the hospital.

The demographic and clinical information of patients were
obtained from electronic medical records, including age, sex,
diagnosis, and involved vertebrae. The visual analog scale (VAS)
score (0 = no pain, 10 = severe pain) was recorded to evaluate pain
intensity. The Spinal Instability Neoplastic Score (SINS) was
calculated per published guidelines (27). Plain radiographs and CT
scans of the corresponding vertebrae were obtained before and after
the operation. If patients received systemic treatment (chemotherapy,
targeted therapy, immunotherapy, endocrinotherapy, bone-
protecting agents, and so on) or radiation before surgery was
also recorded.

Inclusion criteria and contraindications

The enrollment criteria included the following: i) diagnosis of
metastatic cancer; ii) clinical and imaging evidence (MRI or CT) of
vertebral metastases in the cervical, thoracic, lumbar or sacral
segments; iii) pulmonary CT before and after the operation; iv)
expected survival time >3 months; and v) PVP combined with RFA.

Contraindications for the procedure included: i) clinical signs of
spinal cord compression or cauda equina syndrome; ii) fractures
with epidural involvement and contact with spinal cord or nerve
roots; iii) the lesions close to the vital structures such as nerves,
spinal cord, blood vessels; and iv) local infection at the puncture site
or septicemia. Relative contraindications included vertebral body
height reduced more than 75%, and transient chemotherapy
—induced hematologic anomalies, including leukopenia
(<2.5%10°/L), thrombocytopenia (<100.0x10°/L) and elevated
international normalized ratio >1.5.

Operative procedures

The patients were placed in the prone position with conscious
sedation. A puncture trocar (Zhongshan Shiyitang Medical
Equipment Co., Ltd, China) was inserted from the vertebral
pedicle to the anterior one-third of the vertebral body under the
guidance of C-arm fluoroscopy (Siemens Healthcare, Munich,
Germany). The trocar was removed, and a biopsy device
(STERYLAB, Italy) was placed to obtain the bone fragments for
pathology. Then, a monopole RFA electrode (17G) (MedSphere
Shanghai, China) was inserted through the cannula. RFA was
conducted for 10 min at a temperature ranging from 80°C to
100°C. The electrode was removed, and prepared high-viscosity
polymethyl methacrylate (PMMA) bone cement (Weigao Medical
GmbH, China) was injected into the vertebral body under
intermittent fluoroscopic examination from the lateral plane.
Injection was stopped when substantial resistance was met, or
when the PMMA cement reached the posterior margin of the
vertebral body, or cement extravasation was identified through
fluoroscopy (Supplementary Figure 1). For multi-level cases,
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single cement kit was used for each level. 40mg methylprednisolone
was given before radiofrequency ablation.

Postoperative management

The patients were sent back to the ward after the operation and
made to lie in bed for 6 hours, then could move freely, but a spinal
brace was advised. Vital signs as well as sensory motor functions of
the lower limbs were closely monitored. Plain radiographs and CT
scans were performed before discharge.

The patients were followed up every 3 months for at least 9
months. Pulmonary CT scans were not necessary unless the patient
complained of pulmonary-related symptoms. However, patients
with spinal metastasis are always hospitalized several times for
radiotherapy, chemotherapy, or other treatments, and pulmonary
CT scans are essential for hospitalization. PCE was confirmed by
comparing pre- and postoperative pulmonary images.

Statistical analysis

Statistical analysis was performed with Prism 8 software
(GraphPad Software, San Diego, CA, USA). All measurement
data are described as the mean and standard deviation (SD).
Demographic data in both groups were compared using the chi-
square test for qualitative data and the unpaired t test for
quantitative data. Multiple logistic regression analysis was carried
out to identify risk factors that were significantly related to PCE
resulting from cement leakage. A p value < 0.05 was considered
statistically significant.

Results
Baseline characteristics of the patients

PVP and RFA were performed for 47 patients with a total of 84
segments, including 34 thoracic vertebrae and 50 lumbar vertebrae
(Table 1). The patients were 19 males and 28 females with a mean
age of 59.9 + 1.6 years (range 34 to 81 years). The preoperative VAS
score was 5.1 + 0.3, and the preoperative SINS score was 9.6 + 0.4.
Among the 47 patients, 42 patients showed osteolytic lesions, and 5
patients exhibited osteoblastic lesions. Operations were performed
on one segment in 27 patients, two segments in 11 patients, three
segments in 7 patients, four segments in 1 patient, five segments in 2
patients, and six segments in 1 patient. 28 patients received systemic
treatment before surgery, and 14 vertebral levels in 8 patients got
pre-operative radiation treatment. Among the 84 vertebrae,
pathologic compression fracture was found in 35 segments, and
the other 49 segments had no compression fracture with obvious
imaging abnormalities. The amount of cement injected per lesion
ranged from 1.5 to 12 ml with a mean volume of 6.1 + 0.2 ml. The
postoperative pathological diagnoses of the spinal tumors
confirmed that they were all metastatic tumors: 12 from lung
cancer, 12 from breast cancer, 5 from kidney cancer, 4 from
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TABLE 1 Baseline characteristics of the patients.

Number of patients 47
Age (years) 59.9 £ 1.6
Sex
Male 19 (40.4)
Female 28 (59.6)
VAS 5103
SINS 9.6 + 0.4

Systermic treatment
Yes 28 (59.6)
No 19 (40.4)

Preoperative radiation

Yes 8 (17.0)
No 39 (83.0)

Spine lesion type

Osteolytic 42 (89.4)
Osteoblastic 5(10.6)
Segment number
Single 27 (57.4)
Two 11 (234)
Three 5(10.6)
Four 1(2.1)
Five 2 (4.3)
Xix 1(2.1)
Total number of vertebrae affected 84
Thoracic vertebra 34 (40.5)
Lumbar vertebra 50 (59.5)
Vertebrae with pathological fracture
Yes 35 (41.7)
No 49 (58.3)
PMMA volume per level (ml) 6.1+0.2

prostate cancer, 2 from bile duct cancer, 2 from thyroid cancer, 2
from gastric cancer, 1 from liver cancer, 1 from ovarian cancer, 1
from cervical cancer, 1 from esophageal cancer, 1 from soft tissue
Ewing’s sarcoma and 3 from unknown malignancies (Table 2).

Analysis of the risk factors for pulmonary
cement embolism

According to the detection of postoperative pulmonary CT

scans, the patients were divided into pulmonary cement
embolism group (PCE group) and non-pulmonary cement
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TABLE 2 Pathologic diagnosis of 47 patients.

Primary tumor n (%)

lung cancer 12 (25.5)
breast cancer 12 (25.5)
kidney cancer 5 (10.6)
prostate cancer 4 (8.5)

bile duct cancer 2(4.3)

thyroid cancer 2(4.3)

gastric cancer 2(4.3)

liver cancer 1(2.1)

cervical cancer 1(2.1)

ovarian cancer 1(2.1)

esophageal cancer 1(2.1)

Ewing’s sarcoma 1(2.1)

unclear 3(6.4)

Total 47

embolism group (NPCE group). The presence of cement in the
pulmonary arteries was identified in 11 patients (incidence rate
23.4%), including 5 males and 6 females, with a mean age of 55.7 +
3.9 years. There were 36 patients in the NPCE group, including 14
males and 22 females, with a mean age of 60.5 + 1.6 years (Table 3).

All the patients in the PCE group were asymptomatic. No
dyspnea, chest pain, cough, tachycardia, or hypoxia was observed.

TABLE 3 Comparison of risk factors for PCE between patients of
two groups.

NPCE PCE p
Number of patients 36 11
Age (years) 60.5 + 1.6 55.7 +3.9 0.203
Sex 0.698
Male 14 5
Female 22 6
VAS 51+03 51%0.6 0.994
SINS 9.7+ 0.5 9.1+1.0 0.542
Systermic treatment 0.698
Yes 22 6
No 14 5
Spine lesion type 0.354
Osteolytic 33 9
Osteoblastic 3 2
Segment number 0.022
>3 3 4
<2 33 7
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The patients were followed up regularly. There were no critical
patients who needed surgical treatment or died. In all 11 patients,
pulmonary emboli were located in the subsegmental or peripheral
arteries, and no central pulmonary artery embolism was
found (Figure 1).

No significant differences were found in age, sex, preoperative
VAS scores, SINS scores, or if got systemic treatment between the
patients in the NPCE group and PCE group (Table 3). Among the
11 PCE patients, 9 patients showed osteolytic destruction, and the
other 2 patients showed osteoblastic lesions, which was not
significantly different from the NPCE group. However, 4 patients
(36.4%) had multiple segments (=3) involved in the PCE group,
while only 8.3% of patients (3 patients) had multiple segment
involvement in the NPCE group, which was a significant
difference (p=0.022).

We then set the individual vertebrae as the study object. Lesion
location, cortex integrity, compression fracture, preoperative
radiation, vein leakage, and PMMA injection volume in vertebrae
of the two groups were analyzed (Table 4). The 11 PCE patients had
25 segments involved in total, including 17 thoracic vertebrae and 8
lumbar vertebrae. The NPCE patients had 59 segments in total,
including 17 thoracic vertebrae and 42 lumbar vertebrae. The
results revealed that patients with thoracic vertebrae treated had a
greater chance of developing pulmonary cement embolism
(p=0.0008). Patients who had cement vein leakage during surgery
also had a significantly increased risk compared with those who did
not (p=0.017), especially when leakage occurred in the thoracic
vertebrae (p<0.001). The two groups did not show significant
differences in cortex integrity, compression fracture, of if got
preoperative radiation.

Parameters related to
technical characteristics

The incidence of complications was closely related to the
operators’ skills. The parameters related to technical
characteristics including operative approach, PMMA volume per
level, and operating time were analyzed. Among the 25 segments of
PCE group, 80% were treated through unipedicular approach, while
the proportion is 47.5% in NPCE group (p=0.006) (Table 5). As the
volume of thoracic vertebrae was smaller than lumbar vertebrae, we
separated volume on injection reporting between thoracic and
lumbar vertebrae. However there were no significant difference
between NPCE and PCE groups. There was no difference as to
operating time of two groups either.

Relationship of vertebral cortex disruption
to vein leakage of cement

Previous data showed that there was a high incidence of PCE if

bone cement leaked into the paravertebral venous plexus. We next
analyzed the risk factors related to vein leakage of cement. Among
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51 years old male patient with spinal metastasis from lung cancer underwent PKP and RFA. (A) Pre-operative radiographs showed an obvious lesion
of eighth thoracic vertebral body. (B) Pre-operative (left) and post-operative (right) X-ray images of the chest. Cement pulmonary embolus (red
arrows) were found in both lungs after operation. (C) Post-operative CT scan illustrated that the cement embolus leaked into the perivertebral
venous system. (D) Pre-operative (left) and post-operative (right) CT scan images. Red arrows showed the cement embolus.

the 47 patients with 84 vertebrae, 37 vertebrae had vein leakage of
bone cement (leakage group, 44%), and the other 47 segments did
not have leakage (nonleakage group, 56%). Vertebra integrity,
compression fracture, lesion type, location, and PMMA volume
were analyzed (Table 6). The results showed no significant
differences in lesion type, location, or PMMA volume between the
two groups. However, 75.7% of segments (28) in the leakage group
showed a disrupted cortex, and only 46.8% of segments (22) in the
nonleakage group showed a significant difference (p=0.008).

Discussion

Pulmonary cement embolism is a rare complication of cement
augmentation, first reported by Padovani et al. (28) in 1999. Several
retrospective studies reported that the incidence of PCE on
osteoporosis patients varied from 0.3% to 28.6% (16-21). Spinal
tumors are another surgical indication for vertebroplasty, especially
spinal metastasis. The risk of PCE in patients with spinal metastasis
is thought to be increased (29). Asem analyzed 78 cancer patients
with malignant vertebral fractures who underwent vertebroplasty,
PCE was detected in 10 (12.8%) patients (30). To my knowledge, we
first reported the incidence of PCE in patients with spinal metastasis
who undergo PVP with RFA. In our study, we analyzed 84 segments
in 47 spinal tumor patients who underwent treatment. The
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incidence of PCE was 23.4% (11/47), which is higher than
Asem’s study.

Risk factor analysis can help to reduce the incidence of PCE.
Previous studies showed that number of treated vertebral levels,
fracture location and operation timing, amount of PMMA injected
were thought to be associated with PCE (20, 31). Asem’s study
showed that multiple myeloma is associated with the highest risk,
and no difference in incidence was observed between patients with
osteoporotic or malignant vertebral fractures (30).

Our analysis revealed that involvement of a larger number of
vertebrae was a factor and that thoracic vertebrae were associated
with PCE, which is consistent with previous study. This is readily
comprehensible. Thoracic vertebrae are closer to the heart and lung.
Operating on a larger number of involved vertebrae will take more
time and more PMMA cement will need to be injected, which is
challenging not only for the patients but also for the surgeons.
Therefore, operating on more than three segments at a time is not
recommended (20). We also found the unipedicular approach has a
high rate of PCE. However, a previous meta-analysis showed the
incidences of cement leakage were similar between the bilateral
PVA and unilateral PVA groups (32), which is contrary to our
results. In our experience, in order to get the same stabilization
effect, we usually injected more volume of bone cement through
unipedicular approach compared to the cement volume of each side
through bipedicular approach. The injection pressure of each
puncture channel may also be high, which could induce cement
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TABLE 4 Risk factors for PCE in terms of individual vertebra.

10.3389/fonc.2023.1129658

TABLE 6 Analysis of the risk factors for vein leakage of cement.

NPCE PCE p Nonleakage = Leakage p
Total number of vertebrae 59 25 Total number of vertebrae 47 37
Lesion location 0.0008 Cortex integrity 0.008
Thoracic vertebra 17 17 Disrupted 22 28
Lumbar vertebra 42 8 Intact 25 9
Cortex integrity 0.586 Spine lesion type
Disrupted 34 16 Osteolytic 41 27 0.098
Intact 25 9 Osteoblastic 6 10
Compression fracture 0.098 PMMA volume per level (ml) 7.8+0.3 64+03 0.2
Yes 28 7 Lesion location 0.183
No 31 18 Thoracic vertebra 22 12
Preoperative radiation 0.24 Lumbar vertebra 25 25
Yes 8 6
No 51 19 the bone cortex is disrupted, it is easier for the cement to pass
through the cortex or into the paravertebral venous plexus.
Vein leakage 0.017 .
All patients were followed up for at least 9 months, and no
Yes 21 16 patients developed severe pulmonary embolism. Pulmonary CT
No 38 9 scans showed that the emboli were stable and did not enlarge. For
PCE, there are still no standard treatment guidelines (37).
Vein leakage location <0.0001 . . L. L.
Asymptomatic patients may need close clinical monitoring (38).
Thoracic vertebra 0 15 Some scholars have suggested that anticoagulation should be used
Lumbar vertebra 21 1 to prevent progressive pulmonary artery occlusion; however, there

TABLE 5 Parameters related to technical characteristics.

NPCE PCE p

Operative approach 0.006

Unipedicular 28 20

Bipedicular 31 5
PMMA volume per level (ml)

Thoracic vertebra 52+07 52+04 0.999

Lumbar vertebra 6.6+ 0.3 69+ 0.6 0.682
Operating time per level (min) 77.1 £ 3.0 713 +3.2 0.256

leakage. Definitely this result was related to the operators’
experience, and the explanation was just a hypothesis. We need
to identify it in the future.

Our results also revealed that there was a high incidence of PCE
if bone cement leaked into the paravertebral venous plexus,
especially when occurred in the thoracic vertebrae. Risk factors
for vein leakage of cement have been well studied, including
involved segments and surgical skills (33-36). Our data indicated
that vertebral cortex integrity is related to vein leakage of cement. If

Frontiers in Oncology

is no consensus on the specific timing anticoagulant treatment (39,
40). For PCE patients with severe symptoms, surgical removal of the
embolus and anticoagulant therapy are recommended (41-43).
There are several limitations to this study. The primary
limitation is that this was a single-center, retrospective study,
including a certain selection bias. Some patients did not undergo
postoperative pulmonary CT, which may have led to the
underestimation of asymptomatic patients. A secondary limitation
is that all operations were performed by the surgical team,
operators’ skills play a pivotal role in the development of PCE, we
did not analyze the different operators or their operative habits.

Conclusion

Our results showed that the number of involved vertebrae,
lesion location, and puncture approach are independent risk factors
for PCE. There was a high incidence of PCE if bone cement leaked
into the para vertebral venous plexus in the thoracic vertebra. The
relative risk factors should be fully considered when implementing
therapeutic strategies to prevent the occurrence of PCE.
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Introduction: Bone metastases are frequent in patients with non-small cell lung
cancer (NSCLC). The receptor activator of Nuclear Factor kB (RANK)/RANK
ligand (RANKL)/osteoprotegerin (OPG) pathway is important in bone
metastases development. Furthermore, epidermal growth factor receptor
(EGFR) signaling promotes osteoclast formation and stimulation. The
understanding of the biological mechanism of bone metastases development
might have implications for treatment strategies. Therefore, we studied whether
there is an association between EGFR, RANKL, RANK and OPG gene expression in
the tumor and presence of bone metastases in patients with NSCLC.

Methods: From an updated multicenter study, including patients with EGFR
mutated (EGFR+), Kirsten rat sarcoma (KRAS+) and EGFR/KRAS wildtype
metastatic NSCLC, all patients with available formalin-fixed paraffin-embedded
(FFPE) tumor samples were selected. Ribonucleic Acid (RNA) was isolated from
these samples and gene expressions of EGFR, RANKL, OPG and RANKL were
determined via quantitative Polymerase Chain Reaction (qPCR). Data on
demographics, histology and molecular subtyping, sample origin, presence of
bone metastasis, SREs and bone progression were collected. Primary endpoint
was relation between EGFR, RANK, RANKL, OPG gene expression, RANKL: OPG
ratio and bone metastases.
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Results: In 73/335 (32% EGFR+, 49% KRAS+, 19% EGFR/KRAS wildtype) samples
from unique patients, gene expression analysis could be performed. Of these 73
patients, 46 (63%) had bone metastases at diagnosis or developed bone
metastases during the disease course. No association was found between
EGFR expression and presence of bone metastases. Patients with bone
metastases had a significantly higher RANKL expression and RANKL: OPG ratio
compared to those without. An increased RANKL: OPG ratio resulted in a 1.65x
increased risk to develop bone metastases, especially in the first 450 days after
diagnosis of metastatic NSCLC.

Conclusion: Increased RANKL gene expression and RANKL: OPG ratio, but not
EGFR expression, was associated with presence of bone metastases. Additionally,
an increased RANKL: OPG gene ratio was associated with a higher incidence of
bone metastases development.

KEYWORDS

bone metastases, receptor activator of nuclear factor kb ligand, epidermal growth
factor expression, osteoprotegerin, lung adenocarcinoma, epidermal growth

factor mutation

1 Introduction

The skeleton is a common site for tumor metastases of several
malignancies. For example, 30-60% of patients with metastatic lung
cancer develop bone metastases (1, 2). In patients with bone
metastases, bone turnover is disturbed. Normal bone remodeling
requires a perfect balance between osteoblasts, osteoclasts and
numerous signaling pathways, growth factors and control
mechanisms. An important role is reserved for the Receptor
activator of Nuclear Factor kB (RANK)/RANK ligand (RANKL)/
osteoprotegerin (OPG, the decoy receptor and antagonist of
RANKL) pathway in bone development (3). By binding of
RANKL to RANK, an ongoing cascade is set in motion, in which
cancer cells stimulate osteoclasts, which in turn degrade the bone.
During osteoclastogenic bone resorption different growth factors
and cytokines are released from the bone, which stimulate the
cancer cells to expansive growth (4).

Epidermal growth factor receptor (EGFR) signaling is involved
in the proliferation of osteoclast precursors. Signaling via EGFR
promotes osteoclast formation and stimulation by inhibition of
OPG expression and by increasing monocyte chemoattractant
protein 1 (MCP1; which induces osteoclast fusion and activity),
macrophage colony-stimulating factor (MSCF) and RANKL
expression (5, 6). An in vitro study showed that the addition of
EGFR-tyrosine kinase inhibitors (EGFR-TKIs) completely blocked
RANKL-dependent osteoclast formation and led to apoptosis in
matured osteoclasts. These observations suggest an essential role for
EGEFR signaling in RANKL-mediated osteoclast differentiation and
survival (7).

EGER protein expression, determined by immunohistochemistry,
in non-small cell lung cancer (NSCLC) is up-regulated in 40-80% of the
tumors (8, 9). Conflicting results exist regarding the association of
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EGFR protein expression and EGFR mutations in NSCLC: some
studies showed a higher EGFR protein expression in tumor samples
(n=133-970) of patients with EGFR mutated (EGFR+) NSCLC (10, 11),
while others (n=102-159) showed no association (12, 13). The up-
regulated EGFR protein expression in the tumor (which possibly
results in increased EGFR signaling) that was observed in some
studies evaluating EGFR+ NSCLC, could be an explanation for our
previously reported higher incidence of bone metastases in EGFR+
NSCLC compared with Kirsten rat sarcoma (KRAS+) and EGFR/KRAS
wildtype NSCLC (14).

To the best of our knowledge, it has never been studied in a
clinical setting whether there is an association between EGFR,
RANKL, RANK and OPG gene expression in the tumor and
presence of bone metastases in patients with NSCLC. In this
study, we tried answering this question since understanding the
biological mechanism of bone metastases development might have
implications for adequate bone metastasis screening and
(prophylactic) treatment decisions.

2 Materials and methods

Data from a study of patients with metastatic NSCLC were used
(1). In this case-control study, for every patient with EGFR+ NSCLC
(i.e., exon 19 deletion or exon 21 point mutation), the consecutive
patients with a KRAS+ and EGFR/KRAS wildtype NSCLC were
included as a case-control group. Wildtype was defined as EGFR
and KRAS mutation negative NSCLC, as extensive molecular testing
was not standard of care at that time. The established database
covered the period from 01-10-2008 to 01-08-2012 and was
updated (additional patients as well as updated data) till 01-09-
2017 (1). For the current study all patients with available formalin-
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fixed paraffin-embedded (FFPE) tissue samples were selected. This
study was approved by the ethics committee of Maastricht UMC+
(METC 2017-0318) and the need for informed consent was waived.

2.1 Data collection

The in-and outpatient medical records of all patients were
retrieved. Eligible patients were patients with metastatic NSCLC,
with data regarding molecular analysis and follow-up and sufficient
FFPE tumor tissue available. The following data were collected:
demographics, date of diagnosis of metastatic NSCLC, smoking
status, histology, mutation status, site of biopsy 1 (e.g. pathology
obtained from bone, lung, lymph node, adrenal lesion), baseline
bone metastasis, development of bone metastases during treatment,
treatment, skeletal related events (SREs) and time of death. SREs
were defined as pathological fracture, spinal cord compression,
necessity for radiation to bone (for pain or impending fracture)
or surgery to bone (15).

2.2 Measurement of EGFR, RANKL, RANK
and OPG gene expression

EGFR, RANKL, RANK and OPG expression was measured by
reverse transcriptase quantitative real time Polymerase Chain
Reaction (RT-qPCR) on ribonucleic acid (RNA) extracted from
FFPE tissue. Data were presented as relative mRNA levels calculated
by the equation 27 9@ veling time (€U Dyelty CT is CT of target gene
minus CT of housekeeping gene. Data were expressed on a
logarithmic scale. See Supplementary Material for a more detailed
explanation of the measurement of gene expression.

2.3 Statistics

Statistical analysis was conducted with SPSS (v20; SPSS Inc.,
Chicago, IL) and SAS 9.4. Descriptive statistics of demographic and
clinical variables were obtained. Categorical variables were
compared using chi-square tests and continuous variables were
compared using the Mann-Whitney U Test or the Kruskal-Wallis
test. Reverse Kaplan-Meier was used for calculating median follow-
up time. Due to small sample sizes, bone metastases at baseline or
development of bone metastases during disease were grouped
together and classified as “bone metastases present”. EGFR gene
expression was represented in quartiles, as there is no standard cut-
off for high or low EGFR gene expression.

Competing risk analysis was used for the association between
RANKL: OPG ratio and time to development of bone metastases for
patients without bone metastases. The proportional hazards
assumption was tested using time-dependent Cox regression
analyses with interaction between RANKL: OPG ratio and time.
Due to violation of this assumption the analysis was separated in
two time intervals and the -2LogLikelihood was compared between
models with different time-cut-off points to identify the best cut-oft
(i.e., the model with the lowest -2LogLikelihood).
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The relation of EGFR, RANK, RANKL, OPG gene expression,
RANKL: OPG ratio and bone metastases was the primary endpoint
of this study. Secondary endpoints were 1) Association between
sample origin (primary site, non-bone metastasis, metastasis in
general except bone, bone) and expression of EGFR, RANK,
RANKL and OPG and RANKL: OPG ratio, 2) Expression of
EGFR, RANK, RANKL and OPG and RANKL: OPG ratio in
different molecular subgroups (EGFR+, KRAS+, EGFR/KRAS
wildtype) in relation to bone metastases.

3 Results
3.1 Patient characteristics

From 169 patients (50%) of the total group of 335 patients,
FFPE tumor samples were available. Ultimately, sufficient RNA
could be extracted from 73 samples (Flowchart in Figure 1). In 52
out of 73 patients (81%), the pathology samples were obtained at
diagnosis of metastatic disease. The other 21 patients were primarily
diagnosed with early-stage NSCLC and had a median time to
detection of metastatic disease of 550 days (range 87-2196 days).
Patient characteristics are shown in Table 1. Median follow-up from
diagnosis of metastatic NSCLC was 58.5 months (95% confidence
interval (CI): 34.8-82.2 months).

3.2 EGFR, RANKL, RANK, OPG
gene expression

EGFR, RANKL, RANK and OPG gene expressions were non-
normally distributed (data not shown). The median EGFR
expression was 0.84 (interquartile range (IQR) 1.67), the median
RANKL expression was 0.02 (IQR 0.05), the median OPG
expression was 0.09 (IQR 0.10) and the median RANK expression
was 0.02 (IQR 0.03) (Figure 2).

Requested pathology
samples (n=335)

l—.

Samples included for
RNA isolation (n=146)

l__.

Samples included in
final analysis (n=73)

No FFPE samples available (n=189)

RNA concentration too low to
perform RNA gene expression
analysis (n=73)

FIGURE 1

Flowchart of pathology sample selection. The flowchart showed
the process of sample selection and reasons for exclusion of
samples. n, number; FFPE, formalin-fixed paraffin-embedded;
RNA, Ribonucleic acid.
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TABLE 1 Patient characteristics.

10.3389/fonc.2023.1145001

Characteristics Total n=73
Female n (%) 46 (63)
Never smoker n (%) 8 (11)
Mean age at diagnosis metastatic NSCLC, years (range) 62.8
(32-84)
Molecular subgroup n (%)
EGFR+ 23 (32)
KRAS+ 36 (49)
EGFR/KRAS wildtype 14 (19)
Tumor origin n (%)
Lung (primary tumor) 29 (40)
Bone 9 (12)
Other metastasis 35 (48)
Metastatic disease at diagnosis n (%) 47 (64)
Bone metastases at diagnosis stage IV n (%) 27 (37)
Bone metastases at diagnosis or during course of disease n (%) 46 (63)
SRE n (%)* 26 (57)
Type of SRE n (%)"
Radiotherapy 25 (96)
Pathologic fracture 4 (15)
Surgery 6 (23)
Spinal cord compression 2 (8)
BTA use in all patients n (%)* 9 (12)
Denosumab 1(1)
Bisphosphonate 8 (11)

n, number; EGFR+, Epidermal Growth Factor Receptor mutation; KRAS+, Kirsten rat sarcoma mutation; SRE, skeletal related event; BTA, bone targeted agent.

*Percentages were calculated by group of patients with bone metastases.

“Percentages were calculated by subgroup of all pts with SREs (n=26). Some patients experienced more than one SRE.
*Denosumab was used in one patient without bone metastases, all patients who used bisphosphonates had bone metastases.

3.3 Association between EGFR gene
expression and RANKL, RANK and OPG
gene expression or RANKL: OPG ratio and
presence of bone metastases

EGFR expression was similar for patients with and without
bone metastases (p=0.479). The percentage of patients with and
without bone metastases was comparable between all EGFR
quartiles (p=0.174, Figure 3A). Patients with bone metastases had
an increased tumor RANKL expression and increased RANKL:
OPG ratio, compared to those without bone metastases (p=0.002
and p=0.026 respectively).

Subdividing patients based on EGFR quartiles showed that
RANKL gene expression was numerically higher in all EGFR
quartiles for patients with bone metastases and statistically higher
in the second and third EGFR quartile (Figure 3C). In the different
EGFR quartiles, no significant differences for OPG, RANK gene
expressions and RANKL: OPG ratio and presence of bone
metastases were observed (Figures 3B, D, E).
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3.4 EGFR, RANKL, RANK and OPG gene
expression or RANKL: OPG ratio in primary
tumors and metastases

The obtained tumor samples were subdivided based on site of
origin: primary tumor (n=29), non-bone metastases (e.g., lymph
node, liver, adrenal grand, parietal pleura, brain, other; n=35) and
bone metastases (n=9). No difference was found for the percentage
of tumor cells in the pathology sample and RANKL gene expression
(data not shown). For the whole population of patients with and
without bone metastases, significantly higher RANKL gene
expression was observed in bone samples than in samples derived
from the primary tumor (p=0.025). Pathology samples of both non-
bone as well as bone metastases had a significant higher RANKL:
OPG ratio in comparison to samples of the primary tumor (p=0.004
and p=0.028). The OPG gene expression was significantly lower in
samples of bone metastases compared to non-bone metastases
(p=0.043). RANK gene expression was significantly higher in
samples of non-bone metastases in comparison to the primary
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FIGURE 2

EGFR, RANKL, OPG, RANK gene expression in all patients. This figure
shows the relative EGFR, RANKL, OPG and RANK gene expression
measured on pathology samples of all patients. EGFR, Epidermal
Growth Factor Receptor; RANKL, Receptor Activator of Nuclear
Factor kB ligand; OPG, osteoprotegerin; RANK, Receptor Activator
of Nuclear Factor xB.

tumor (p=0.047). Figure 4 shows the different gene expression of the
pathology samples. In the group of patients with bone metastases,
no significant differences were observed between the various sample
origins, only a trend to significance for OPG gene expression and
RANKL: OPG ratio (p=0.072, p=0.079).

3.5 Gene expression of EGFR, RANKL,
RANK and OPG or RANKL: OPG ratio in
different NSCLC molecular subgroups in
relation to bone metastases

Independent of the presence of bone metastases, patients with
an EGFR mutation had a significantly higher EGFR expression,
compared to patients with a KRAS+ or EGFR/KRAS wildtype
NSCLC (p<0.001) (Supplementary Material, Figure 1A).

Patients with KRAS+ NSCLC and bone metastases had a
significantly higher RANKL expression and higher RANKL: OPG
ratio (p=0.002) compared to patients with KRAS+ NSCLC without
bone metastases (p=0.017). This was not found for the other
molecular subgroups. The OPG expression was significantly
higher for patients with bone metastases in the subgroup of
patients with EGFR+ and EGFR/KRAS wildtype NSCLC (p=0.021
and p=0.028) (Supplementary Material, Figures 1B-E). No
significant difference was observed between the different

Frontiers in Oncology

10.3389/fonc.2023.1145001

expression levels and presence of SREs in patients with bone
metastases (data not shown).

3.6 Association between RANKL: OPG ratio
and time to development of
bone metastases

The RANKL: OPG ratio in relation to bone metastases
development violated the proportional hazards assumption,
therefore an early and late effect was determined. The hazard
ratio (HR) of the RANKL: OPG ratio in the first 450 days after
diagnosis of metastatic NSCLC was 1.65 (95% CI: 0.66-4.12) and
decreased to 0.17 (95% CI: 0.03-0.95) thereafter.

4 Discussion

Previously, we showed that bone metastases were more frequent
in patients with EGFR+ metastatic NSCLC than in patients with
KRAS+ or EGFR/KRAS wildtype NSCLC, and that post bone
metastases survival was significantly longer in patients with EGFR
+ NSCLC (1, 14). Based on preclinical data, showing that EGFR
expression inhibits OPG expression and increases RANKL
expression (5, 6), we hypothesized that the earlier observed
increased EGFR gene expression in EGFR+ NSCLC (8, 9) may
lead to an altered shift of RANKL expression or RANKL: OPG ratio
and thereby promote bone metastases in EGFR+ NSCLC. In the
current study, we indeed found that EGFR+ NSCLC had a
significantly higher EGFR gene expression as compared to KRAS+
or EGFR/KRAS wildtype NSCLC. We could not demonstrate any
association between EGFR gene expression level and the presence of
bone metastases. However, patients with bone metastases had a
significantly higher RANKL expression and RANKL: OPG ratio
compared to those without bone metastases; possibly because the
bone microenvironment in those with bone metastases released
cytokines or growth factors which induced RANKL expression also
in the tumor. This increased RANKL and RANKL: OPG ratio is in
line with observations in an in vitro study in three human NSCLC
celllines and in 127 NSCLC tumor samples (52 primary tumors and
75 bone metastasis samples) in which the expression of RANKL,
RANK and OPG was estimated by RT-PCR in cell lines and by
immunohistochemistry (IHC) on tumor tissue (16). In addition,
both in vitro and in vivo an increased RANKL expression and
elevated RANKL: OPG ratio was associated with an enhanced
potential of NSCLC to metastasize to the bone (16). Our data
confirmed that patients with NSCLC with a higher RANKL: OPG
ratio more often developed bone metastases, primarily in the first
450 days after diagnosis of metastatic NSCLC. Various studies have
been performed to investigate biomarkers related to bone
metastases or skeletal related event development. Examples are
bone specific alkaline phosphatase in serum, urine N-terminal
telopeptide in urine and C-X-C- Motif Chemokine Receptor 4 on
the tumor (17). However, most of these are not used in daily
practice as there is no recognized standard because of inconsistent
study results. We showed an increased RANKL expression
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(A—-E) EGFR, OPG, RANKL gene expression, RANKL: OPG ratio and RANK gene expression in relation to presence of bone metastases. Patients were
subdivided in groups by EGFR expression. The first quartile is the lowest and the fourth quartile is the highest EGFR gene expression. (A) EGFR gene
expression, (B) OPG gene expression, (C) RANKL gene expression, (D) RANKL: OPG ratio, (E) RANK gene expression. An asterisk denotes a significant
difference between groups. EGFR, Epidermal Growth Factor Receptor; OPG, osteoprotegerin; RANKL, Receptor Activator of Nuclear Factor kB
ligand; RANK, Receptor Activator of Nuclear Factor «B.

especially in patients with KRAS+ NSCLC and bone metastases. As adenocarcinoma compared to KRAS wildtype lung
far as we know, no data about RANKL expression in this subgroup  adenocarcinoma (18).

exists. Human lung adenocarcinoma data sets only showed that As previously reported in breast or renal cell carcinoma,
RANKL expression was significantly higher in KRAS+ lung RANKL triggers the migration and metastasis of RANK
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expressing cancer cells (19, 20). A retrospective analysis in patients
with non-metastatic breast cancer (n=509) showed a positive
association between higher RANKL serum levels (measured by
enzyme linked immune sorbent assay [ELISA]) and presence of
disseminated tumor cells in the bone marrow and also with the
development of bone metastases (21). Moreover, patients within
the highest quartile of RANKL had a 4.6 increased risk for
developing bone metastases compared to those within the lowest
quartile (21). This is in line with our observation that patients with
bone metastases had higher RANKL expression, especially in KRAS
+NSCLC. It is not known whether the effect of RANKL inhibition
(e.g., denosumab) on bone metastases related outcomes in patients
with high versus low RANKL expression is different. In the
Splendour trial no survival benefit was found when denosumab
was added to first-line chemotherapy in patients with metastatic
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NSCLC (2). However, these patients were unselected for the
presence of bone metastases and bone related outcomes were not
reported. It would be of interest to explore the outcomes in patients
with bone metastases and evaluate whether there is a relation
between bone metastases related outcomes and RANKL expression
(tumor or serum) as well as RANKL/OPG ratio (2).

In the current study, we could not find an explanation for our
previously observed higher incidence of bone metastases in
patients with EGFR+ NSCLC (14). Although EGFR gene
expression was higher, no association with a higher RANKL
gene expression or RANKL: OPG ratio in tumor samples was
observed. It could be that the tumor tissue is not the correct place
to measure these values. Nowadays, more and more studies point
on the role of extracellular vesicles (EVs) in bone metastases
development in multiple types of cancer (22-24). An in vitro study
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showed that CRL-2868 NSCLC cells containing an EGFR 19
deletion, secrete exosomes containing EGFR ligand and
Amphiregulin. These EVs were able to induce in vitro osteoclast
differentiation of murine RAW264.7 cells by activation of EGFR
phosphorylation and induction of matrix metalloproteinase-9 and
tartrate-resistant acid phosphatase expression. These results were
confirmed ex vivo by the finding that patient derived EVs were
able to modulate osteoclastogenesis in human osteoclast
precursors (23). Therefore, future studies should also focus on
EVs in patients with (EGFR+) NSCLC to unravel the biological
mechanism of bone metastases formation.

This study has its limitations. First, due to unavailability of
tumor samples or impossibility to perform the gene expression
analysis, the sample size was not large enough to have sufficient
power for subgroup analysis. A second limitation is the different
origin of the pathological samples, which could create bias in
expression analysis as, by nature, RANKL expression in bone is
higher than in lung tissue (25). However, as we had only nine bone
samples in our analysis, we think this did not significantly affected
our results. Third, not all patients underwent a 2-deoxy-2-[fluorine-
18] fluoro-D-glucose positron emission tomography-computer
tomography scan (FDG-PET-CT scan) or bone scintigraphy,
therefore it could be that presence of bone metastases is
underestimated as not all asymptomatic bone metastases will have
been diagnosed by regular computed tomography of the chest and
upper abdomen. Finally, patients with bone metastases and
development of bone metastases during disease were grouped
together and in doing so, one can ask whether the biological
behavior of the tumor is the same in both groups. However, when
analyzing both groups separately, the results remained similar (data
not shown).

In conclusion, our study showed no association between EGFR
gene expression and presence of bone metastases in patients with
NSCLC; however, patients with bone metastases had a higher
RANKL gene expression and RANKL: OPG ratio. An elevated
RANKL: OPG ratio was associated with a higher incidence of bone
metastases development, especially in the first year after diagnosis
of metastatic NSCLC.
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The clinical manifestations of bone metastases are diversified while many sites
remain asymptomatic at early stage. As the early diagnosis method is not perfect and
the early symptoms of tumor bone metastasis are not typical, bone metastasis is not
easy to be detected. Therefore, the search for bone metastasis-related markers is
effective for timely detection of tumor bone metastases and the development of
drugs to inhibit bone metastases. As a result, bone metastases can only be diagnosed
when symptoms are found, increasing the risk of developing skeletal-related event
(SREs), which significantly impairs the patient’'s quality of life. Therefore, the early
diagnosis of bone metastases is of great importance for the treatment and prognosis
of cancer patients. Changes of bone metabolism indexes appear earlier in bone
metastases, but the traditional biochemical indexes of bone metabolism lack of
specificity and could be interfered by many factors, which limits their application in
the study of bone metastases. Some new biomarkers of bone metastases have good
diagnostic value, such as proteins, ncRNAs, circulating tumor cells (CTCs). Therefore,
this study mainly reviewed the initial diagnostic biomarkers of bone metastases
which were expected to provide references for the early detection of
bone metastases.

KEYWORDS

bone metastases, biomarkers, ncRNAs, circulating tumor cells, exosome

1 Introduction

Bone metastasis occurs when tumor cells spread to the bones. When people suffering
from cancer, with the progession of the disease, the cancer cells invade the blood vessels. As
the blood flows, the cancer cells may travel to the bone marrow and continue to rise, forming
bone metastases (1). Distant metastases are a typical characteristic of malignant tumor, as
well as one of the main reasons leading to treatment failure of tumor patients (2). On average,
1 out of every 5 patients will suffer from bone metastases. Theoretically, almost all types of
cancers may metastasize to bone, among which lung cancer, breast cancer and prostate

175 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fonc.2023.1188357/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1188357/full
https://www.frontiersin.org/articles/10.3389/fonc.2023.1188357/full
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2023.1188357&domain=pdf&date_stamp=2023-06-19
mailto:jitianlee@hotmail.com
mailto:hongjianmd@126.com
https://doi.org/10.3389/fonc.2023.1188357
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2023.1188357
https://www.frontiersin.org/journals/oncology

Hao et al.

cancer are the most frequent (3). Digestive tract tumors such as
stomach cancer, bowel cancer, pancreatic cancer, etc., can also
appear, relatively low risk. There are three types of bone
metastases: osteolytic, osteoblastic and mixed (4, 5). Only clear
diagnosis and symptomatic treatment will have beneficial clinical
effect (6). Osteogenic bone metastases are widespread in prostate
cancer, accounting for about 10% of bone metastases. Lytic bone
metastases account for 70%, which are atypical lung and breast
cancer (4).

The early diagnosis of malignant tumors is very critical to the
recovery. In clinical practice, some of cancer patients showed
symptoms such as waist and leg pain or anemia (especially those
who had a history of this, such as rheumatic inflammation, lumbar disc
herniation, etc.), but they did not pay enough attention (7). In fact, it is
highly likely that this is a precursor of tumor bone metastases. If the
bone lesions and complications of bone metastases cannot be treated
reasonably, it will do great harm, such as pathological fractures, which
often paralyze patients in bed, as well as the severe pain will seriously
affect the quality of life of patients (8, 9).

Early diagnosis of bone metastases is of major importance. The
main symptom of bone metastases is persistent pain with continuously
aggravated, which may also cause mobility impairment. The
commonly used imaging methods for the diagnosis of bone
metastases have different characteristics. As for X-ray, specificity is
high but sensitivity is low. The positive rate of bone ECT imaging is
high, but there exist false positive and false negative problems (5, 10).
CT and MRI have high specificity and accuracy, but are not
appropriate for general examination. positron emission computed
tomography PET has a high positive rate, but it doesn’t applicable to
simple bone lesions, and the price is relatively high, which limited its
application in clinic (11, 12). Theoretically, the changes of biochemical
indexes of bone metabolism during bone metastases are earlier than

10.3389/fonc.2023.1188357

those in imaging (13, 14). However, traditional biochemical indexes of
bone metabolism with low specificity limits their application in the
study of bone metastases (15, 16).

Some new biomarkers of bone metastases have good diagnostic
value, such as proteins, ncRNAs, biomarkers in liquid biopsy and
other biochemical indicators. These new types of biomarkers have
demonstrated great potential in the initial diagnosis of bone
metastases. In the study we searched relevant researches for bone
metastases biomarkers, which mainly provides reference for early
diagnosis of bone metastases, as shown in Figure 1.

2 Application of commonly
used protein biomarkers in
bone metastases

Protein biomarkers are most commonly used in the clinical
diagnosis and prognosis of bone metastases. It indicates proteins in
the blood whose presence or abnormal expression is often
associated with certain types of tumors. These proteins can be
detected in tumor cells, surrounding tissues, and blood, these
biomarkers can be employed to monitor patient responsiveness
and effectiveness during treatment. However, it is important to
emphasize that a single blood biomarker is not enough to detect the
tumor. It is usually used in conjunction with other tests, imaging
and clinical symptoms to determine the status of the tumor. The
presence of digestive system tumors and the occurrence of bone
metastases may lead to increasing carbohydrate resistance, such as

the indexes of alpha-fetoprotein (AFP), carcinoembryonic antigen
(CEA), prostate specific antigen (PSA), CA199, CA724, CA50,
and CA242.
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FIGURE 1
The role of partial biomarkers in bone metastase.
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Except that most commonly used for bone metastases tumor
biomarkers include bone specific alkaline phosphatase (BALP),
tartrate-resistant acid phosphatase (TRACP), tumor necrosis
factor (TNF), carbohydrate antigen 15-3 (CA15-3). The exact
contents were shown in Table 1. The diagnostic performance of
each biomarker was presented shown in Table 2.

2.1 AFP

AFP, known as hepatoembryonic antigen, is a biomarker for the
identification of bone metastases (43). It plays a major role in
embryonic and early embryonic development, but the adult owned
the low level of AFP. AFP is commonly used as the diagnostic
biomarker for liver, testicular, and ovarian carcinoma. Moreover,
AFP can be used to predict bone metastases, which is a
manifestation of antigen movement in a specific direction (43,
44). Studies showed that the serum level of AFP in patients with
non-small cell lung cancer can be utilized to predict location-based
tumor susceptibility and duration of location-based tumor
treatment (45, 46). Another study showed that higher serum AFP
level in the patients of cancer indicated the risk of bone metastases
and thus to infer more effective cancer treatment options (44, 47).
High level of serum AFP has been shown to help to diagnose
patients with bone metastases with diagnostic accuracy of 75% as
well as to predict tumor size, location, risk of metastases, and
duration of treatment (40, 48). Recent studies have found that it can
be utilized to assess location-based tumor susceptibility, as well as

TABLE 1 Application of commonly used biomarkers of bone metastases.

10.3389/fonc.2023.1188357

tumor size, location, and duration of treatment. To sum up, AFP is a
significant biomarker for the detection of bone metastases.

2.2 CEA

CEA is a common antigenic factor that plays an important role
in a variety of cancers, such as Colon cancer, stomach cancer,
pancreatic cancer, small intestinal adenocarcinoma, lung cancer,
liver cancer, breast cancer (49). CEA is a biomarker widely used in
colorectal cancer screening and monitoring treatment response.
However, its low sensitivity and specificity in bone tumors limit its
application in bone metastasis. CEA is of particular importance in
bone metastases. At present, CEA is used primarily to detect the
occurrence and development of bone metastases, especially in
breast cancer, lung cancer and gastrointestinal tumors (50, 51).
CEA has excellent sensitivity and specificity, which can be used to
assess the existence of bone metastases. The sensitivity and
specificity of serum CEA were 19.0%-56.1% and 50%-92%, in the
gastrointestinal tumors (39). At present, more and more studies
have pointed out that CEA can help accurately diagnose bone
metastases and improve the curative effect. Clinical trials have
shown that increased CEA levels were linked to reduced efficacy
in patients with breast cancer bone metastases (52, 53). In addition,
CEA also has significant application value for clarifying tumor
manifestations, namely the range of bone metastases and bone
changes, so as to provide objective guidance for clinical
treatment planning.

Biobiomarker Bone Clinical application Deregulation
transition
stage
AFP Osteoblastic Detect the occurrence and development of bone metastases, especially in breast cancer, lung cancer and colon Low-expression
cancer.
CEA Osteolytic Provide objective guidance for clinical treatment planning and treatment. Over-expression
PSA Osteolytic Screening, diagnosis and efficacy evaluation of prostate cancer. Over-expression
CA199 Mixed Predict the malignant transformation and prognosis of liver cancer. Over-expression
CA724 Osteoblastic | Clinical diagnosis and prognosis of found guilty of an important tumor biomarker in breast cancer. Over-expression
CA50 Osteolytic Detect bone metastases of liver cancer. Low-expression
CA242 Osteolytic An epigenetic specific antigen used to detect bone metastases in gastric cancer Over-expression
Rb Osteolytic Rb plays an important role in the regulation of bone metastases suppressor genes such as Osteoprotegerin. Low-expression
P53 Mixed Patients with bone metastases expressing p53 have a poor prognosis. Over-expression
NM23 Osteolytic NM23 is associated with cell proliferation, invasion, and metastases of bone metastases, and is generally Low-expression
associated with poor treatment response and prognosis.
ALP Osteoblastic Reflecting bone metastases lesions, and is regarded as a biomarker of early differentiation of osteoblast Over-expression
precursor cells.
BALP Osteolytic BALP level is a key predictor of treatment response and prognosis of bone metastases. Over-expression
TRACP Osteolytic A decline in TRACP levels is usually associated with a better prognosis for treatment. In addition, monitoring Over-expression
TRACP levels can also help determine the timing and regimen of treatment and possible problems with bone
metabolism.
CA15-3 Osteolytic CA15-3 levels are often elevated in breast cancer patients with bone metastases. Over-expression
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TABLE 2 Diagnostic performance of commonly used biomarkers of bone metastases in single study.

biomarkers primary cancer Study population Diagnostic performance
types characteristics
cases Controls Research method
group group
AFP/AFP-L3 HCC 50 484 uTASWako i30 63.30 90.00 / Tayob N et al. (2022)
(17)
AFP HCC 79 77 Microchip capillary 68.35 81.82 0.683- Park SJ et al. (18)
electrophoresis 0.818
AFP HCC 104 336 Retrospective analysis 71.00 91.00 / Zhu AX et al. (19)
AFP HCC 36 31 LC-MS 88.90 82.90 0.892 Luo et al. (20)
AFP HCC 135 302 Genome-wide discovery 71.00 90.00 0.92 Chalasani NP et al.
(21)
AFP HCC 90 60 Immunohistochemical 82.60 96.20 / Chen D et al. (22)
AFP GCT 41 35 Retrospective analysis 71.00 80.00 / Calaminus G et al.
(23)
ALP RCC 111 261 Histopathologic analysis 57.90 83.50 0.749 Chen XY et al. (24)
Calcium RCC 111 261 Histopathologic analysis 36.80 95.20 0.633 Chen XY et al. (24)
HB RCC 111 261 Histopathologic analysis 71.10 65.30 0.665 Chen XY et al. (24)
HB+ALP RCC 111 261 Histopathologic analysis 47.40 91.00 / Chen XY et al. (24)
HB+CA RCC 111 261 Histopathologic analysis 34.20 97.60 / Chen XY et al. (24)
ALP+CA RCC 111 261 Histopathologic analysis 28.90 97.90 / Chen XY et al. (24)
HB+CA+ALP RCC 111 261 Histopathologic analysis 28.90 98.20 / Chen XY et al. (24)
uNTX NSCLC 100 50 Osteomark, Princeton, NJ 48.00 86.00 0.74 Tamiya et al. (25)
SNTX NSCLC 100 50 Osteomark, Princeton, NJ 40.00 87.00 0.71 Tamiya et al. (25)
CTX NSCLC 16 18 ELISA, RIA 73.70 86.70 0.68 Lumachi et al. (26)
ICTP LC 47 44 Radioimmunoassay, 71.40 87.90 / Aruga et al. (27)
immunoassay
fDPD LC 47 44 Radioimmunoassay, 61.00 93.00 / Aruga et al. (27)
immunoassay
PICP LC 47 44 Radioimmunoassay, 28.60 87.90 / Aruga et al. (27)
immunoassay
BGP LC 47 44 Radioimmunoassay, 12.30 81.80 / Aruga et al. (27)
immunoassay
ALP LC 47 44 Radioimmunoassay, 55.60 79.50 / Aruga et al. (27)
immunoassay
BALP LC 47 44 Radioimmunoassay, 44.40 93.20 / Aruga et al. (27)
immunoassay
ICTP LC 140 50 Double-antibody 92.00 70.00 0.816 Horiguchi et al. (28)
Radioimmunoassay
CEA LC 140 50 Double-antibody 60.00 55.00 0.571 Horiguchi et al. (28)
Radioimmunoassay
CYFRA 21-1 LC 140 50 Double-antibody 60.00 45.00 0.538 Horiguchi et al. (28)
Radioimmunoassay
ProGRP LC 140 50 Double-antibody 42.00 65.00 0.557 Horiguchi et al. (28)
Radioimmunoassay
ALP LC 140 50 Double-antibody 22.50 92.00 0.654 Horiguchi et al. (28)
Radioimmunoassay
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TABLE 2 Continued

biomarkers primary cancer Study population Diagnostic performance
types characteristics
cases Controls Research method
group group (%)
Ca LC 140 50 Double-antibody 0.070 100.00 0.321 Horiguchi et al. (28)
Radioimmunoassay
ALP LC 30 152 Hitachi747 autoanalyzer 26.70 97.30 0.857 Min et al. (29)
ICTP LC 130 135 ELISA 63.10 90.40 0.835 Tang et al. (30)
BAP LC 130 135 ELISA 63.10 77.00 0.760 Tang et al. (30)
TRACP 5b LC 130 135 ELISA 58.50 80.70 0.753 Tang et al. (30)
CTX NSCLC 16 18 Automated Immunometric 73.30 86.70 0.794 Lumachi et al. (26)
assay
CEA NSCLC 16 18 ELISA 55.50 62.50 0.588 Lumachi et al. (26)
CYFRA NSCLC 16 18 Immunochemiluminescent 65.00 78.60 0.706 Lumachi et al. (26)
assay
TRAP5b NSCLC 16 18 ELISA 30.40 76.20 0.676 Lumachi et al. (26)
PINP NSCLC 16 18 RIA 72.20 81.20 0.765 Lumachi et al. (26)
ICTP LC 21 65 ELISA 86.40 84.60 0.87 Yokoyama et al. (31)
TRACP5b NSCLC 72 69 Immunoassay 63.90 76.80 0.749 Yao et al. (32)
PSA PC 771 13 ELISA-PSA 91.30 98.70 / Modoni et al. (33)
BSP PC 42 41 ELISA 80.95 72.80 / Wei et al. (34)
PSA PC 42 41 ELISA 57.14 64.80 / Wei et al. (34)
ICTP PC 42 41 ELISA 69.05 76.80 / Wei et al. (34)
ALP PC 42 41 ELISA 71.43 88.80 / Wei et al. (34)
PSA PC 87 99 ELISA 46.77 53.33 / Szot et al. (35)
PICP BC 92 53 ELISA 28.10 83.90 Zissimopoulos et al.
(36)
ICTP BC 92 53 ELISA 48.60 94.00 Zissimopoulos et al.
(36)
CEA BC 92 53 ELISA 42.00 65.00 Zissimopoulos et al.
(36)
CAI15-3 BC 92 53 ELISA 78.00 86.00 Zissimopoulos et al.
(36)
ICTP+CEA BC 92 53 ELISA 82.00 96.00 Zissimopoulos et al.
+CA15-3 (36)
PICP+PSA PC 68 61 ELISA 78.00 96.00 0.970 Zissimopoulos et al.
(36)
PICP PC 42 6 RIA 54.00 93.00 0.840 Zissimopoulos et al.
(37)
PSA PC 42 6 RIA 68.00 91.00 0.880 Zissimopoulos et al.
(37)
ICTP BC 25 12 ELISA 56.00 93.00 / Tiéhteld et al. (38)
PICP BC 25 12 ELISA 24.00 100.00 / Tiéhteld et al. (38)
PINP BC 25 12 ELISA 30.00 98.00 / Tiéhteld et al. (38)
CEA BC 164 200 ELISA+ TECAN 56.70 92.00 / Wang et al. (39)
(Continued)
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TABLE 2 Continued

biomarkers primary cancer Study population Diagnostic performance
types characteristics

cases Controls Research method

group group (%)
CA19-9 BC 164 200 ELISA+ TECAN 36.00 82.50 / Wang et al. (39)
CA125 BC 164 200 ELISA+ TECAN 25.60 97.00 / Wang et al. (39)
CA15-3 BC 164 200 ELISA+ TECAN 44.50 84.50 / Wang et al. (39)
TPS BC 164 200 ELISA+ TECAN 50.00 89.50 / Wang et al. (39)
CEA+ CA19-9 BC 164 200 ELISA+ TECAN 67.10 78.00 / Wang et al. (39)
CEA+ CA125 BC 164 200 ELISA+ TECAN 66.50 89.00 / Wang et al. (39)
CEA+ CA15-3 BC 164 200 ELISA+ TECAN 68.90 88.00 / Wang et al. (39)
CEA+ TPS BC 164 200 ELISA+ TECAN 78.70 82.00 / Wang et al. (39)
CA19-9+CA125 BC 164 200 ELISA+ TECAN 50.00 80.50 / Wang et al. (39)
CA19-9+CA15-3 BC 164 200 ELISA+ TECAN 60.40 79.50 / Wang et al. (39)
CA19-9+TPS BC 164 200 ELISA+ TECAN 64.60 73.50 / Wang et al. (39)
CA125+ CA15-3 BC 164 200 ELISA+ TECAN 52.40 91.50 / Wang et al. (39)
CA125+ TPS BC 164 200 ELISA+ TECAN 56.70 86.50 / Wang et al. (39)
CA15-3+ TPS BC 164 200 ELISA+ TECAN 63.40 85.00 / Wang et al. (39)
Ferritin NENpts 62 40 EIA 100.00 73.00 0.88 Rosiek et al. (40)
BMG NENDpts 62 40 EIA 100.00 46.00 0.74 Rosiek et al. (40)
CA125 NENpts 62 40 EIA 100.00 39.00 0.66 Rosiek et al. (40)
CEA NENpts 62 40 EIA 50.00 98.00 0.70 Rosiek et al. (40)
AFP NENpts 62 40 EIA 50.00 66.00 0.55 Rosiek et al. (40)
CA19-9 NENpts 62 40 EIA 67.00 59.00 0.52 Rosiek et al. (40)
CEA lung cancer 133 562 Histopathology 76.77 86.33 0.67 Jiang et al. (41)
CA50 lung cancer 133 562 Histopathology 70.00 82.81 0.623 Jiang et al. (41)
CA125 lung cancer 133 562 Histopathology 87.72 72.97 0.748 Jiang et al. (41)
NSE lung cancer 133 562 Histopathology 82.70 73.00 0.7 Jiang et al. (41)
Ferritin lung cancer 133 562 Histopathology 92.20 75.40 0.619 Jiang et al. (41)
CYFRA21-1 lung cancer 133 562 Histopathology 54.70 73.70 0.697 Jiang et al. (41)
CEA BC 54 49 qPCR 48.90 97.10 0.915 Mercatali et al. (42)
CA15-3 BC 54 49 qPCR 64.40 94.40 0.886 Merecatali et al. (42)
OPG BC 54 49 qPCR 74.10 87.70 0.825 Mercatali et al. (42)
OPG+CEA BC 54 49 qPCR 84.40 79.50 0.938 Mercatali et al. (42)
OPG+CA15-3 BC 54 49 qPCR 86.70 72.90 0.922 Mercatali et al. (42)
RANK-L BC 54 49 qPCR 57.40 67.40 0.692 Mercatali et al. (42)
RANK-L+CEA BC 54 49 qPCR 73.30 50.00 0.907 Mercatali et al. (42)
RANKL+CA15- BC 54 49 qPCR 75.6 47.20 0.894 Mercatali et al. (42)
3
RANK-L/OPG BC 54 49 qPCR 40.70 77.50 0.70 Mercatali et al. (42)
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2.3 ALP and PSA

ALP and PSA are widely used to predict bone metastases of
prostate cancer, but their accuracy and reliability in the diagnosis of
bone metastases are inconsistent (54). Serum ALP is derived from
osteoblasts with isoenzyme activities, which can hydrolyze
phosphate esters. Moreover, serum ALP, can be used to indicate
the specificity of reflecting bone metastases lesions, regarded as a
biomarker of early differentiation of osteoblast precursor cells. ALP
is specific biomarkers of bone tissue and widely utilized in bone
tumors. The expression level of ALP can be used to estimate the
balance between bone reconstruction and destruction. (55). Salter
et al. found that ALP was oleophilic, which was an important
biomarker reflecting osteoblast activity and tumor progression (56).
Rao et al. suggested that ALP was a serum biomarker in predicting
bone metastases of prostate cancer (57). Serum PSA, a serine
protease, is commonly used in screening, diagnosis and efficacy
evaluation of prostate cancer (58). In patients of prostate cancer
with bone metastases, due to the proliferation of prostate cancer
cells, a large amount of PSA was produced and secreted into the
blood, resulting in elevated serum PSA (59, 60). PSA is a good
indicator of bone metastases of prostate cancer. The higher the PSA,
the greater the risk of bone metastases. When PSA < 20ng/ml, the
risk of bone metastases was relatively small, while when PSA >
100ng/ml, the risk of bone metastases was higher than 80%.
Therefore, further testing and prophylaxis were recommended
when PSA > 20ng/ml (61). Although bone metastases are
common sites of prostate cancer, the use of PSA in the diagnosis
of bone metastases is limited.

2.4 CA and Rb

CA is used more frequently for the detection of breast and
bowel cancer. CA199 is an important biomarker and apparent
specific antigen for the detection of bone metastases of liver
cancer. Studies have shown that the expression level of CA199
was related to the metastases of liver cancer, with the excellent
ability to predict the malignant transformation and prognosis of
liver cancer (39, 62). CA724 used for clinical diagnosis and
prognosis of found guilty of an important tumor biomarker in
breast cancer. Studies have shown that increased level of CA724
may represent increased bone metastases potential of breast cancer,
which was more accurate for symptomatic radiotherapy (63, 64).
CA50 is an apparent exclusive cancer biomarker used to detect bone
metastases of liver cancer. The experimental results indicated that
the level of CA50 can serve as a biomarker to predict the potential of
bone metastases of liver cancer (65, 66). CA242 is an epigenetic
specific antigen used to detect bone metastases in gastric cancer.
Studies have indicated that increased level of CA242 can be used to
predict bone metastases in gastric cancer, and can effectively help to
improve the treatment efficiency and anti-cancer therapeutic effect
of tumors (67, 68).

Rb is widely used in the diagnosis of bone-derived tumors,
whose reduced expression indicates an increased risk of bone
metastasis. (69). P53 is a tumor suppressor gene protein that is
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abnormally expressed in a variety of tumors. NM23 is an RNA-
binding protein that is abnormally expressed in non-small cell lung
cancer and some other cancers, whose application in bone tumors
is restricted.

In conclusion, the current researches on protein biomarkers of
bone metastases are still in the primary stage. Despite the fact that
some biomarkers have been proved to have certain application
value, more biomarkers need to be explored and applied in the
accurate diagnosis of bone metastases and the formulation of
treatment plans.

3 Application of ncRNA as biomarkers
in bone metastases

With the development of high-throughput sequencing
technology and bioinformatics, a large number of ncRNA, such as
miRNA, IncRNA and circRNA, have been found to be involved in
gene expression regulation, cell differentiation, etc (70, 71). In
addition, they are closely related to the occurrence and
development of tumors.

3.1 miRNA

miRNA in mammalian serum and plasma have high stability
and can be stable under repeated freeze-thaw and different pH
conditions (70, 72-74).

miRNA plays an important role in the diagnosis of bone
metastases, which can help doctors to identify cancer metastases
to bone in order to provide timely treatment (70, 71). Currently,
many studies have shown that the expression level of miRNA from
samples can be used to identify the presence of bone partially
implanted cancer cells (70, 72, 75-77). Some miRNA such as let-7
(78, 79), miR-125b (80, 81), and miR-21 were significantly
expressed in experimental tumor migration into the mouse bone,
contributing to the identification and diagnosis of bone metastatic
cancer (82-84). miRNA plays an important role in tumor therapy,
and it has attracted more and more attention as new therapeutic
biomarkers (85, 86). Targeting miRNA therapy can reduce drug
toxicity and achieve higher efficacy by accurately identifying and
treating bone metastases. Contemporary studies have shown that
miRNAs-based therapy has a significant promoting effect on
inhibiting the growth, invasion and immune resistance of bone
metastases (7, 87). Currently, miRNAs that have been considered as
biomarkers of bone metastases include miR-21, miR-141, miR-221/
222, miR-24, miR-20a, miR-145, miR-29a, miR-26a, miR-22, miR-
125b, miR-15b, miR-193b, miR-196a, and miR-101 et al., which
were shown in Table 3.

3.1.1 miR-21

miR-21 has been extensively studied as a key biomarker for
various types of cancer, including breast, lung, prostate, ovarian,
and colorectal cancers (82-84). One study found that miR-21 was
significantly up regulated in bone metastases tissue samples,
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TABLE 3 Application of ncRNA biomarkers of bone metastases.

Biobiomarker Bone Primary = Study population Clinical application Deregulation Ref.
transition | cancer characteristics
stage types
Cases = Controls
group  group
LC 68 78 Zou P
miR-192-5p Mixed Early diagnosis and prediction of bone metastases. Low-expression ot a(l)u(88)
SCLC 10 5 Diagnosis of bone metastases in prostate cancer, miR- Gong
miR-335 Osteoblastic 335 might target cytokines linked to osteoclast Over-expression et al. (89)
induction and bone turnover.
NSCLC 25 30 As a biobi ke d treat: t target i Xu et al.
miR-139-5p Osteoblastic § a' 10' HOmarker an 'rea TSt tArget in Down-regulated ue
monitoring and controlling bone metastases. (90)
EWS 19 / Down-regulation of miR-139-5p is associated with Roberto
miR-139-5p Mixed disease progression in EWS and may serve as a risk Down-regulated et al. (91)
assessment biobiomarker.
EWS 19 / Down-regulation of miR-124-3p is associated with Roberto
miR-124-3p Mixed disease progression in EWS and may serve as a risk Down-regulated etal. (91)
assessment biobiomarker.
EWS 19 / Down-regulation of miR-584-5p is associated with Roberto
miR-584-5p Mixed disease progression in EWS and may serve as a Down-regulated et al. (91)
riskassessment biobiomarker.
BC 51 4 Promoting cancer cell progress and consequently Vimalraj
miR-7 Osteolytic results in NSCLC growth. miR-7 may become Down-regulated et al. (92)
promising molecular therapies in NSCLC treatment.
LAC / / Low levels of let-7c expression and metastases, venous Zhao
let-7¢ Mixed invasion, advanced TNM stages and poor survival of Down-regulated et al. (79)
NSCLC patients.
BC 122 59 Zh;
miR-10b Osteolytic An independent prognostic factor in NSCLC patients. | Up-regulated cal ?1((;3)
et al.
. . . 0Os 75 / Not only decrease cisplatin-resistant but also reduce Over-expression Arabi
miR-17 family Osteolytic L S .
migration by inhibiting EMT in A549/DDP cells. et al. (94)
miR-21 Osteolytic 0os 65 / Regulate t}fe' biological characteristics of tumor cells Low-expression Yuan
and the ability of bone metastases. et al.(82)
R R Osteoblastic PC 99 5 miR-15/miR-16 control organ-confined and distant Over-expression Bonci
miR-16/miR-15a . .
invasion of prostate cancer cells. et al.(83)
miR-141 Osteoblastic PC 52 89 Inhibit .the growth of osteoclasts by inhibiting the Dowrf- Huang
synthesis of bone morph regulatory factors. expression et al. (69)
miR-221/222 Mixed PC 18 3 Actively involved in bone metastases of cancers such Low-expression Xu et al.
as prostate cancer and breast cancer. (95)
(N / / Over- i Liu et al.
. . Affect the onset, development and subsequent ver-expression e
miR-24 Osteolytic i (2017)
therapeutic effect of bone metastases. 96)
oS 10 8 Enhance immune function, reduce inflammatory Over-expression  Koshkina
miR-20a Osteolytic response and promote the body’s immune response to et al. (97)
tumors.
ESCC 19 19 Aftecting the migration and reproduction of cancer Over-expression Cui et al.
miR-145 Osteoblastic cells in bone marrow, and helping to inhibit the (98)
occurrence of bone metastatic tumors.
SCLC 10 / Inhibit the mechanism of cancer cells, and inhibit the Over-expression Gong
miR-29a Osteoblastic migration and‘ rel?rf)c-luction of cancer cells in bone et al. (89)
marrow, thus inhibiting the occurrence of bone
metastatic tumors.
BC / / HOTAIR aftects and blocks the growth, metastasis Down- Zhao
HOTAIR Mix and apoptosis of breast cancer cells through the miR- expression et al. (99)
20a-5p/HMGA?2 axis
oS D - F
i i ! ! circITGA7 may be involved in the occurrence and OW ang
circITGA7 Mix expression et al.
development of bone metastases (100)
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compared to primary tumor tissue samples from patients with
breast cancer (9). Furthermore, they observed that serum levels of
miR-21 were significantly higher in breast cancer patients with bone
metastases. They suggested that miR-21 could be used as a non-
invasive biomarker to detect bone metastases in breast cancer
patients. Similarly, another study found that miR-21 was over
expressed in bone metastases tissue samples from patients with
prostate cancer. They observed that miR-21 expression was
positively correlated with bone metastases, suggesting that miR-21
could be used as a prognostic biomarker to predict the progression
of bone metastases in prostate cancer patients (101). One study
analyzed miR-21 expression in serum samples from patients with
breast cancer and bone metastases, as well as healthy controls,
drawing a conclusion that serum levels of miR-21 were significantly
higher in breast cancer patients with bone metastases, compared to
healthy controls. (102). Overall, the above studies suggested that
miR-21 was a promising biomarker in the detecting and monitoring
of bone metastases in various types of cancer. Its potential use as a
therapeutic target warrants further investigation in preclinical and
clinical studies.

3.1.2 miR-141

miR-141 has been a top priority in the study of bone metastases
in recent years (103, 104). miR-141 can inhibit adenovirus
transcription factors, immune response and apoptosis-mediated
response, and exert a huge effect on inhibiting tumor growth to
promote factor expression and inhibit gene expression regulation
(105, 106). Studies have shown that miR-141 is paramount in
preventing the development of bone metastases (106). In previous
studies, miR-141 can prohibit the growth of osteoclasts by
inhibiting the synthesis of bone morph regulatory factors, thus
delaying the metastases process (107, 108). Meanwhile, miR-141
interdicted the migration and invasion of bone metastases. In
addition, miR-141 can also induce tumor cell apoptosis, thus
playing a momentous role in the process of bone metastases (109,
110). In conclusion, miR-141 is instrumental in inhibiting the
development of bone metastatic tumors and may be essential in
clinical diagnosis and treatment of bone metastatic tumors in
the future.

3.2 IncRNA and circRNA

IncRNA and circRNA are a class of emerging ncRNA, playing
important roles in the occurrence and development of human
diseases. In recent years, more and more studies have shown that
IncRNA and circRNA may also be strong candidates for tumor
biomarkers of bone metastasis. There are some studies have found
that IncRNA is crucical in bone metastasis. For example, one research
has shown that metastasis-associated lung adenocarcinoma transcript
1 (MALAT1) can promote tumor cell invasion and migration, whose
expression level was elevated in patients with bone metastasis (111).
Other IncRNAs such as HOX antigens intergenic RNA (HOTAIR)
and taurine unregulated gene 1 (TUG1) have also been found to be
closely associated with the occurrence and development of bone
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metastases. HOTAIR affected and blocked the growth, metastasis,
and apoptosis of breast cancer cells through the miR-20a-5p/
HMGA?2 axis. In the past few years, studies have found that
IncRNA-SOX20T may have clinical diagnostic value and can be
employed as an in vitro diagnostic biomarker for bone metastases
(110). It was found that the level of IncRNA-SOX2OT in serum in
patients with bone metastases were significantly higher than those in
the control group (112). Besides, studies had found that IncRNA-
SOX20T might regulate the phenotype of bone metastatic tumor
cells. It was also found that IncRNA-SOX2OT inhibited the
expression of MMP-13, which explained why IncRNA -Sox20T
may be associated with the regulation of bone metastases (113).
Moreover, by combining multiple gene factors, we found that HIF-1,
Hypoxia, and LCC-Sox2OT gene regulatory networks may present in
bone metastases. What' more, the researchers suggested that the
expression of LCC-Sox20OT may be related to cell status, which can be
used to identify biomarkers in vitro, and to identify and forecast the
incidence of bone metastatic tumors in vivo (54, 112, 114, 115).

In contrast, circRNA has been relatively poorly studied in bone
metastasis (99). What’s more, some studies have shown that
circRNA may also be a biomarker of bone metastases. For
instance, there reported a study showing that circITGA7 (circular
RNA-integrin subunit alpha 7) may be involved in the occurrence
and development of bone metastases. This circular transcription
can inhibit apoptosis of a variety of cells, whose expression level was
significantly increased in patients with bone metastasis (100). Of
course, studies on tumor biomarkers for bone metastases in
IncRNA and circRNA are still in the preliminary stage, and their
potential mechanisms and clinical application value need to be
further verified and explored.

4 Bone metastasis biomarkers in
liquid biopsy

Compared with traditional tissue sample biopsies, liquid
biopsy-based markers have the following advantages:1. Non-
invasive: Liquid sample collection is relatively simple, such as
blood, urine, etc., without tissue excision or puncture, which can
reduce patients’ pain and risk. 2. Systemic: Liquid samples can
reflect the situation of the whole body, avoiding local errors in the
collection of tissue samples, making them more representative and
comprehensive. 3. High sensitivity: the concentration of markers in
liquid samples is relatively stable and is not affected by tissue
heterogeneity, making the detection results more accurate and
reliable. 4. Good repeatability: liquid sample collection is
relatively simple and non-invasive, which can be collected
multiple times to monitor tumor growth and metastasis. 5.
Forward-looking: in the detection and monitoring of early
tumors, liquid biopsy can provide a more flexible and sensitive
detection method, and improve the rate of early diagnosis and
treatment of tumors. For tumor biomarkers of bone metastasis in
liquid biopsy, molecular indicators related to bone metastasis, such
as ctDNA, exosomes and circulating tumor cells (CTCs), were
mainly screened from biological fluids such as blood or urine.
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TABLE 4 Bone metastasis tumor biomarkers in liquid biopsy.

10.3389/fonc.2023.1188357

Biobiomarker  Bone tran- Primary Clinical application Deregulation Ref.
sition stage cancer

CD44 Osteolytic SCLC An important role as an early diagnostic biomarker and prognostic Over-expression Zhao et al.
indicator of bone metastases. (116)

CXCR4 Mixed LC Associated with metastases of tumor cells to bone tissue and can be Over-expression Chai et al.
used as an essential biomarker of bone metastatic tumors. (54)

CD74 Osteoblastic NSCLC Predict the pathological changes of tumors and the prognosis of Up-regulated Loreth et al.
tumor patients after treatment. (2021) (117)

Mesothelin Osteoblastic ESCC Diagnose and predict the development of tumors. Over-expression Zhang et al.

/CK19 (2010) (118)

Osteopontin Osteoblastic BC Assess the risk of tumor invasiveness and metastases. Low-expression Jiwa et al.

/CAIX (2014) (119)

CXCR4 Mixed Gastrointestinal | Associated with metastases of tumor cells to bone tissue and can be Over-expression Roberto et al.

malignancies used as an essential biomarker of bone metastatic tumors. 91)

These indicators have the advantages of high sensitivity, non-
trauma and dynamic monitoring, which can be utilized to achieve
early detection, monitor and prediction of bone metastasis.
Corresponding contents were shown in Table 4.

4.1 ctDNA

ctDNA is a piece of DNA which was released into the blood by
cancer cells with certain specificity and sensitivity. ctDNA is a piece of
DNA that is released into the bloodstream when cancer cells die or
die. Unlike normal plasma DNA, ctDNA contains specific variations
from tumor cells. Therefore, ctDNA can be used as a non-invasive
“liquid biopsy” method, which can be widely used in the early
diagnosis, treatment monitoring and prognosis assessment of
tumors. ctDNA has the following advantages: 1. Non-invasive:
ctDNA sampling is simple and non-invasive, requiring no painful
tissue removal or cancer cell culture. 2. High sensitivity: The
proportion of ctDNA in the blood is very low, so it can be detected
even in the mild disease, especially in the primary tumor detection
has a better application prospect. 3. High specificity: ctDNA contains
specific variations from tumor cells, which can distinguish different
subtypes and tumors at different stages of synchronization. 4. Real-
time dynamic monitoring can be realized: ctDNA can reflect real-
time treatment progress, drug resistance and relapse, which can
provide doctors with better treatment strategies. To sum up,
ctDNA as a tumor marker has great advantages and has gradually
become a hot spot in cancer research.

In the detection of bone metastases, studies on ctDNA as a kind
of biomarker in bone metastases mainly focus on the following
aspects. ctDNA tests based on gene mutations. Firstly, some
mutations associated with bone metastases, such as the fatty acid
acylase gene (ACSL5) and the fusion gene TMPRSS2-ERG, had
been shown to have high sensitivity and specificity when ctDNA
was detected in the blood. These mutations were valuable for the
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detection of bone metastases (120). For example, one study found
that ctDNA, which detected a deletion of the PTEN and mutation of
the TP53, had high sensitivity and specificity in the plasma of
prostate cancer patients. Secondly, the detection of ctDNA is based
on epigenetic changes. Bone metastasis is also closely associated
with epigenetic changes in DNA methylation and histone
modification. Studies had shown that some epigenetic biomarkers
such as RASSFIA (121), IGFBP-3 (74), MGMT and ctDNA of
GSTPI can be detected in patients with bone metastases. These
biomarkers provided an accurate value for the early detection and
evaluation of bone metastases. Finally, the detection of ctDNA
based on microsatellite instability (MSI), which is usually caused by
the depletion of mismatch repair systems in vivo and is a hallmark
of many familial non-multiple systemic tumors. It has been noted
that the appearance of MSI in cancer cells is closely related to the
occurrence and development of bone metastasis. There was a study
showed that the detection of MSI in ctDNA could be used to
evaluate the prognosis of bone metastases in intestinal cancer,
providing a reference for the selection of treatment (122). In
conclusion, the research and application of ctDNA as tumor
biomarkers in bone metastases are developing and improving all
the time. Although it still faces some technical and methodological
bottlenecks, future studies will continuously improve its application
prospect and clinical value. It is expected to become an important
indicator in the timely detection, prognosis assessment and

treatment monitoring of bone metastases.

4.2 CTCs

CTCs are cells shed from tumors and enter the peripheral blood
of the body, which are the highest manifestation of the spread of
malignant tumors. The genetic characteristics or antigens of CTCs
are identical to those of primary tumor cells, but the method of
obtaining CTCS is less invasive and highly reproducible (123).
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Systematic monitoring of CTCS through liquid biopsies enables
monitoring of disease processes, detecting emerging resistance
genes, and identifying new molecular targets (124). Relevant studies
had shown that CTCs were highly invasive and malignant, and could
evade immune surveillance of the body. CTCs can reflect the
characteristics of tumor metastases and disease changes in patients
with malignant tumors, playing crucial part in the curative effect and
recurrence prediction of malignant tumors, so as to provide a
reference for the early diagnosis and treatment of diseases (125).
Detection of CTCs is a prerequisite for distant metastases of solid
tumors (126). The specific contents were shown in Table 4.

Taking CD44 for example. CD44 is a protein, which is deemed
to be a pathological indicator. It is generically known as CD44
receptor, also known as adhesion molecule, which is a variety of
tumor cell adhesion molecule genes, associated with signal
activation and cell cross-coupling of cell molecules (127, 128).
Clinical studies had shown that CD44 was a diagnostic biomarker
and prognostic indicator in a variety of tumors, including liver
cancer, stomach cancer, esophageal cancer, ovarian cancer, prostate
cancer, etc. It can be found in blood, cellular mediators, tissue
biopsy specimens, tumor cells, and normal cells (129, 130). Studies
had shown that the expression of CD44 was related to the
expression of late genes such as PD-LI. Its expression may also
matter in the early detection of tumors and later forms of
metastases. Laboratory studies have demonstrated that CD44 can
form binding with chemical factors of mitogen and cell surface,
improve cell binding to other cell surface molecules and thus
increase the risk of bone metastases (127, 131).

4.3 Exosomes

Extracellular vehicles (EVs) include apoptotic bodies (ABs),
microvesicles (MVs), and exosomes, encapsulate tumor-specific
content, and transmit them into environmental cells and
circulation. Exosomes as molecular biomarkers, play major roles
in diagnostic decisions and treatment selection in the detection of
cancer bone metastases (132). Exosomes have relatively stable
components that confer biological effects on adjacent or distal
cells. Exosomes are also nanoparticles secreted by all cell types
(133, 134). Due to their nature as nanovesicles, exosomes can be
transferred proximal and distal across different biological barriers.
Exosomes have been used as transport carriers for a variety of
molecules including proteins and different RNA (135).

Therefore, exosomes can be used not only as reaction markers of
different diseases and physiological states, but also as tools of in vitro
genetic engineering for the treatment of different diseases and organs.
This shows that exosomes, as communication mediators between
cells, have infinite potential as biomarkers. From the perspective of
exosome functioned as molecular biomarkers, exosomes function
importantly in the molecular linkage of bone metastases tumor,
accurate detection and quantification of bone metastases tumor
biomarkers, which are extremely important (136). On the one
hand, the studies of exosome molecular biomarker will provide
useful information that can help clinicians more accurately in
diagnosing bone metastases. Exosomes can be detected diagnostic

Frontiers in Oncology

10.3389/fonc.2023.1188357

cancer biomarkers in body fluids, such as prostate specific nucleic
acid expression (PNA), gastrointestinal specific protein expression
(GIP), and respiratory specific nucleic acid expression (RNA) (137,
138), which can identify cancer cells faster and more accurately,
providing more detailed and reliable molecular information of cancer
cells, so as to better predict the trend of cancer cell metastases and
provide more accurate treatment guidance.

miR-375 and miR-141, which from exosomes, are the main
biomarkers of bone metastases, which are mainly involved in
regulating the respiration and proliferation of cancer cells (7, 57).
The increased expression of miR-375 can promote the malignant
proliferation of cancer cells. On the contrary, miR-141 will promote
and inhibit the proliferation of cancer cells, reduce the damage to
sensitive cancer cells, and decrease the resistance to drug-resistant
cancer cells (139). In addition, TM256, LAMTORI and VATL were
tumor biomarkers associated with miR-141 and miR-375. TM256
can recognize the increased expression of miR-141 and promote the
proliferation and growth of cancer cells (103). LAMTORI can
recognize the increased expression of miR-141 and miR-375 and
inhibit the proliferation and growth of cancer cells (69). VATL can
recognize the increased expression of miR-375 and promote
malignant proliferation of cancer cells. ADIRF was a specific tumor
biomarker that can detect and recognize increased expression of miR-
375 and miR-141, thereby contributing to the growth and
proliferation of cancer cells (104, 140).

5 Application of other kinds of
biomarkers in bone metastases

DNA methylation is a joint biological modification that affects
gene expression by introducing methyl groups into DNA molecules
through methylase. In tumor cells, the change of DNA methylation
degree is closely linked to tumor growth, cell proliferation and
development. Currently, there are many biomarkers of bone
metastases based on DNA methylation, which include many
different types. Glutathione S transferase P1 (GSTP1) is an
antioxidant enzyme whose DNA methylation leaded to decreased
expression levels, which had been demonstrated in many tumor
cases, including bone metastases (141). SEPT9 was often considered
a biomarker of DNA methylation. Recent studies had shown that
exon 8 methylation of SEPT9 was a valid biomarker for blood
samples (both venous and serum) from lung cancer patients (141,
142). The HOXB gene family is a member of the HOX gene
superfamily, and HOXB7 may acted as a proto-oncogene in a
variety of malignancies (143). DNA methylation of HOXB7 gene
played an essential role in bone metastasis of prostate cancer cells
(144). That is to say, DNA methylation of bone metastases tumor
biomarkers provides a novel idea and means for the diagnosis,
monitor and treatment of bone metastases. However, more studies
are required to confirm their clinical application prospects as well as
their sensitivity, specificity and stability.

Histone methylation is a key epigenetic modification, which
plays a balancing and regulating role in gene transcription and
expression. Tumor markers of bone metastases targeted at histone
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methylation mainly include the following aspects. H3K9me3 is the
triumphalist form of the 9th lysine of histone H3 and is a silencing
marker for many genes. The loss or reduction of H3K9me3 in bone
metastases may be related to its enhanced ability to metastasize and
the difference in prognosis (145). H3K27me3 is the triumphalist
form of the 27th lysine of histone H3, which plays an important role
in cell growth and differentiation. Reduction of H3K27me3 in bone
metastasis may lead to inhibition of apoptosis and the growth and
metastasis of cancer cells (146). H3K4me3 is the triumphalist form
of lysine at the fourth position of histone H3, which is a marker of
enrichment in genes with high transcriptional activity. During the
treatment of patients with bone metastases, prominent expression
of H3K4me3 was associated with the prognosis and progression of
bone metastases (147). In conclusion, the study of histone
methylation tumor markers of bone metastasis provides a novel
idea and means for the early detection and treatment of bone
metastasis. Although there are still some challenges in the
application, they are expected to be one of the principal markers
of bone metastasis in the future.

6 Perspectives and future
opportunities

This paper mainly introduces the commonly used clinical
protein biomarkers, ncRNA, and liquid biopsy biomarkers. Each
type has its specific advantages, limitations in the clinical
application. Protein-based tumor biomarkers have been
extensively studied and have a wide range of applications,
including diagnosis, disease surveillance and therapeutic
strategies. Numerous protein measurement techniques and
automated methods have been rapidly developed, making high-
throughput identification and measurement easy and fast. Proteins
can be interfered with by external factors (such as diet and
preparations), and in some cases of proteins may be non-specific,
which can lead to false positives. So, the interpretation of the results
does not necessarily reflect accurate. Compared with proteins, the
structure and function of ncRNAs are still being studied, so
understanding the role of ncRNAs and their detection techniques
are limited. Some ncRNAs may be raised at similar levels in
multiple tumor types and non-tumor diseases, so there may be
some limitations in the differential diagnosis process. To sum up,
these types of biomarkers have their peculiar advantages and
disadvantages, and the future development will be different
depending on the specific application. Among them, miRNA, as
an emerging method, may be the future direction while further
understanding its biological role and mechanism. Due to the wide
variety of biomarkers, this study mainly elaborated protein,
ncRNAs, liquid biopsy biomarkers and other studied biomarkers,
which were mainly derived from serum plasma and tissue. Our
team will conduct a more comprehensive and detailed description
of such biomarkers in subsequent studies, so as to provide reference
for the clinical application of biomarkers of bone metastases and the
early diagnosis of diseases.
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Future research on how to find new methods of screening and
detecting biomarkers, and the set of cut-off value, etc., not only for
detection but also for prognosis is needed. Firstly, large-scale
prospective clinical studies are required. More large-scale
prospective clinical studies are needed to confirm the sensitivity,
specificity, and stability of different markers, as well as their feasibility
for early detection, classification, and treatment of bone metastases.
Secondly, combinations of multiple biomarkers can be studied.
Combined with biomarkers of different types of bone metastases, a
more accurate diagnosis and prediction model was established. In the
process of integration, it is necessary to investigate the interaction,
influence and cooperation among different biomarkers, and establish
the corresponding bioinformatics model and algorithm combined
with bioinformatics. Finally, multidisciplinary cooperation and
communication is important. There is necessary to have closer
collaboration among clinicians, basic scientists, bioinformatics
specialists and engineers to leverage their expertise and skills to
better support the research and application of markers for
bone metastases.

In conclusion, in the future, the study of bone metastases tumor
markers will gradually develop from a single biomarker study to a
systematic and integrated research model, so as to more accurately
and comprehensively understand the biological characteristics and
clinical manifestations of bone metastases, promoting more
significant progress in the diagnosis and treatment of
bone metastases.
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