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Preface

This Reprint brings together recent advances in the diagnosis, evaluation, and treatment of spinal
tumors, an area that continues to grow in clinical relevance as survival improves for patients with
systemic cancer. The purpose of assembling this collection was to provide a practical, evidence-based
resource for clinicians who manage patients with metastatic involvement of the spine, primary spinal
tumors, and treatment-related complications.

The scope of this Reprint reflects the rapidly evolving landscape of spine oncology. Several
articles evaluate surgical and radiotherapeutic approaches for metastatic epidural spinal cord
compression, addressing one of the most time critical oncologic emergencies. Other studies explore
clinical issues arising from stereotactic body radiotherapy, including local control and vertebral
compression fracture risk. Additional contributions examine prognostic and decision-making tools
such as nutritional status indices, cervical instability scoring, Hounsfield unit-based bone quality
assessment, and predictors of instrumentation failure. Emerging technologies are also represented
through systematic reviews of artificial intelligence applications in prognosis estimation and imaging
interpretation. A case-based report further illustrates rare complications encountered in real-world
practice.

This Reprint is intended for spine surgeons, radiation and medical oncologists, radiologists, and
all members of multidisciplinary teams caring for patients with spinal tumors. It is my hope that
the enclosed work provides useful perspectives for treatment planning, highlights the importance
of individualized care, and encourages continued inquiry into strategies that enhance functional
outcomes and quality of life. I am grateful for the efforts of all contributors whose studies inform

and advance the care of patients facing spinal tumors.

Jae Hwan Cho
Guest Editor
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Clinical Outcomes of Surgery Versus Radiotherapy in Bilsky
Grade 3 Metastatic Epidural Spinal Cord Compression

Kihyun Kwon , Sehan Park , Myeong Geun Song, Wan Soo Park, Chang Ju Hwang, Dong-Ho Lee
and Jae Hwan Cho *

Department of Orthopedic Surgery, Asan Medical Center, University of Ulsan College of Medicine, Seoul 05505,
Republic of Korea; 899835@naver.com (K.K.)
* Correspondence: spinech@gmail.com

Abstract

Background/Objectives: Surgery is generally recommended for higher Bilsky grade
metastatic epidural spinal cord compression (MESCC); however, Bilsky grades 2-3 are
often grouped together, leaving limited evidence for managing patients with Bilsky grade
3 MESCC who have not developed neurological deficits. This study aimed to evaluate
whether, and when, surgery should be performed in Bilsky grade 3 MESCC. Methods:
This retrospective cohort study included patients diagnosed with Bilsky grade 3 MESCC
from January 2021 to January 2025. A total of 138 patients were assigned to a radiotherapy
(RT) group (n = 54) or a surgery group (n = 65) based on initial treatment. Demograph-
ics, clinical data, treatment outcomes, and treatment modalities were analyzed. Logistic
regression identified risk factors for local progression, motor recovery, and ambulatory
outcomes. Results: Ninety-five patients (70.3%) initially presented with weakness. Among
30 patients diagnosed before neurological deficits, interval from diagnosis to onset was
17.2 £ 14 days. Local progression and survival rates did not significantly differ between
the groups. Surgery was associated with a higher likelihood of motor recovery (odds ratio
[OR] =10.05, p < 0.001) and better ambulatory function (OR = 0.433, p = 0.003). Higher
initial motor grade and lower Eastern Cooperative Oncology Group Performance Status
scores were also linked to favorable ambulatory outcomes. Conclusions: In Bilsky grade
3 MESCC, the mean interval from diagnosis to weakness onset was 17.2 days. Local pro-
gression and survival did not differ between RT and surgery; however, surgery provided
superior motor recovery and ambulatory outcomes. Early surgery may offer improved
functional outcomes in Bilsky grade 3 MESCC.

Keywords: Bilsky grade 3; metastatic epidural spinal cord compression; radiation therapy;
surgery; spinal metastases

1. Introduction

Metastatic epidural spinal cord compression (MESCC) imposes a substantial clinical
burden on patients and often results in severe pain, neurological deficits, and multiple
comorbidities [1]. Advances in radiotherapy (RT) have broadened treatment options
for MESCC [2,3]. Lower Bilsky grade MESCC is typically managed effectively with RT
alone [4], whereas surgery is generally recommended for higher-grade disease because of
neurological risks [5].

Current guidelines, including the Neurologic, Oncologic, Mechanical, and Systemic
(NOMS) framework and the Neurology-Stability-Epidural compression (NSE) assessment,
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do not differentiate between Bilsky grades 2 and 3 [6,7]. A recent study by Park et al.
reported that RT yielded favorable local control in Bilsky grade 2 MESCC [8], prompting
questions regarding appropriate management of Bilsky grade 3 MESCC. However, few
studies have focused specifically on patients with Bilsky grade 3 MESCC. Delayed surgery
has been associated with poorer recovery of ambulatory function in patients with neuro-
logical deficits [9], and prompt treatment can help minimize the duration of neurological
compromise [10]. However, for patients without neurological deficits, evidence on whether
and when surgery should be performed remains limited.

Therefore, we conducted a retrospective cohort study of patients with Bilsky grade
3 MESCC to identify the therapeutic window for patients presenting without neurolog-
ical symptoms and to evaluate treatment approaches for local control and ambulatory
outcomes.

2. Materials and Methods
2.1. Study Design and Patient Inclusion

After institutional review board approval (IRB: 2025-0812), we conducted a retrospec-
tive cohort study of patients diagnosed with Bilsky grade 3 MESCC between January 2021
and January 2025. We searched our institutional data warehouse for magnetic resonance
imaging interpretations containing “Grade 3,” “ESCC 3,” “MESCC 3,” or “Bilsky 3.” All
interpretations were made by board-certified radiologists specializing in musculoskeletal
imaging. An experienced board-certified orthopedic surgeon subsequently reviewed all
images and excluded patients with inconsistent interpretations. Additional exclusion crite-
ria were (1) MESCC below the conus medullaris, (2) a follow-up period <3 months, and
(3) insufficient clinical data. Patients who died before 3 months were included.

2.2. Data Collection and OQutcome Evaluation

Demographic variables included age, sex, comorbidities such as diabetes mellitus
(DM) and hypertension (HTN), and smoking status. We also collected data on primary
tumor pathology, Eastern Cooperative Oncology Group Performance Status (ECOG), and
ambulatory ability. Baseline ECOG was defined as the patient’s usual functional activity
prior to the onset of neurological deterioration, in order to reflect pre-morbid systemic
condition rather than disability related to acute cord compression or pain. ECOG at
presentation and after treatment was also recorded but was not used as the primary
variable for analysis. ECOG assessed after neurological deterioration was not used for
baseline comparison, as it was frequently influenced by acute motor weakness. For further
analysis, primary tumor pathologies were categorized according to radiosensitivity into
three groups: radiosensitive, radioresistant, and intermediate. This classification was
based on prior literature [11]. Tumors known to be radiosensitive or radioresistant were
assigned accordingly, and those not clearly belonging to either category were allocated
to the intermediate group. Imaging data included tumor level, compression direction,
presence of pathologic fracture, and Spine Instability Neoplastic Score (SINS). Treatment
decisions after diagnosis of Bilsky grade 3 MESCC were reviewed, and patients initially
treated with RT were classified into an RT group, whereas patients treated surgically
were assigned to a surgery group. Decisions regarding initial treatment modality were
reached through multidisciplinary consensus among oncologists, spine surgeons, and
radiation oncologists. Treatment allocation incorporated several clinical factors, including
baseline ECOG performance status, SINS, comorbidity burden, estimated life expectancy,
prior radiotherapy to the involved level, anatomical feasibility of decompression and
stabilization, and patient preference. Patients who were initially evaluated as potential
surgical candidates but ultimately did not undergo surgery, due to systemic deterioration,

2 https://doi.org/10.3390/jcm15010216
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comorbidities, or preference, were analyzed in the radiotherapy group. Patients who did
not receive any active treatment or received only chemotherapy were included in the
dataset for descriptive purposes but were excluded from comparative analyses. Treatment
modality information, including surgical approach and technique, RT modality, external
beam radiation therapy (EBRT) or stereotactic body radiation therapy(SBRT), RT dosage
per fraction, and total dosage, was collected.

Outcome measures included local progression, motor recovery, and ambulatory func-
tion. Local progression was defined as tumor progression occurring after treatment that
required further intervention at the same anatomical level. This determination was made
based on a combination of clinical symptoms and follow-up MRI findings. Motor strength
was evaluated using the modified Medical Research Council (mMRC) scale; the lowest
recorded strength was used for analysis. Improvement in the same myotome was consid-
ered recovery; unchanged strength was considered maintained, and decreased strength was
considered worsened. Logistic regression analyses excluded patients who had maintained
grade 5 motor strength throughout. Motor recovery was categorized as favorable, whereas
maintained or worsened strength was classified as an adverse outcome. Ambulatory
function was assessed by the ability to walk; preserved or restored walking ability was
considered success, whereas loss of ambulation was considered failure. Post-treatment
imaging was not performed at fixed intervals. Follow-up MRI was obtained when patients
developed new or worsening symptoms, or when clinical reassessment raised concern for
progression. This symptom-driven imaging approach was applied similarly in both the
surgery and radiotherapy groups.

2.3. Statistical Analyses

Statistical analyses were performed using SPSS version 24 (IBM Corp., Chicago,
IL, USA) and Python version 3.11.8 (statsmodels 0.13.5, scikit-learn 1.1.3). A two-sided
p-value < 0.05 was considered statistically significant. Student’s ¢ test or Mann-Whitney U
test was used for continuous variables, and the chi-square test was used for categorical vari-
ables. Logistic regression was used to identify risk factors for the outcomes. Kaplan-Meier
survival analysis was performed to compare survival between the two groups.

3. Results

After applying the inclusion and exclusion criteria, 138 patients were included
(Figure 1). Fifty-four patients (39.1%) received initial RT, and 65 (47.1%) underwent surgery.
Five patients (3.6%) received chemotherapy, and 14 (10.1%) chose conservative manage-
ment. Among the 95 patients (70.3%) who presented with weakness, 30 (31.6%) were
diagnosed before weakness developed. The mean interval from diagnosis to onset of weak-
ness was 17.2 &= 14 days (Figure 2 top). Although a few patients developed weakness after
more than 40 days, most had an intervention window of less than 30 days once diagnosed
with Bilsky grade 3 MESCC. Patients who initially presented with pain were treated within
15.5 £ 13.8 days (Figure 2 bottom). Two patients presented with pain alone and began RT
29 and 30 days after diagnosis, but later developed weakness.

3 https://doi.org/10.3390/jcm15010216
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Patients diagnosed with
Bilsky grade 3 MESCC
{IN=180)
Excluded patients (IN=42)
»| 1} Insufficient data andrecords
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L
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N=138
i ) Chemotherapy
2 =5)
No treatment
=14
ET group Surgery group
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Figure 1. Flow chart of patient selection process.
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Figure 2. Distribution of the interval from diagnosis to onset of motor weakness (top) and the interval
from pain onset to treatment initiation (bottom).

3.1. Comparison Between the RT and Surgery Groups

We compared patients treated with RT with those treated surgically (Table 1). De-
mographic characteristics were not significantly different between the groups. Initial
symptoms varied, and weakness was more common as a presenting symptom in the
surgery group. The average motor grade was also more severe in the surgery group than
in the RT group. Other parameters, including the ECOG status, involved location, presence
of pathologic fracture, direction of compression, and SINS, did not differ significantly. We
examined reasons for selecting RT instead of surgery for patients presenting with weakness
(Figure 3). In 36% of patients, surgical procedures and general anesthesia were not feasible.

4 https://doi.org/10.3390/jcm15010216
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In 55% of patients, the surgical department elected not to perform surgery despite referral.
Ten percent of patients had a favorable response to RT, and 4% declined surgery.

Table 1. Comparison of demographics between RT and Surgery group.

RT Group Surgery Group

(N = 54) (N = 65) p-Value
Patient demographics
Age 61.62 (£11.86)  58.12 (£12.41) 0.124
Sex (M:F) 34:20 48:17 0.235
DM 8 12 0.615
HTN 20 13 0.208
Smoking 22 27 1.000
Pathology 0.301
Lung 17 16
HCC 10 12
RCC 2 5
Breast cancer 2 3
GI 6 10
Hematologic 4 4
GU 9 3
OBGY 2 4
Sarcoma 2 3
Others 0 5
Clinical symptoms
ECOG 2104+ 1.22 212 +1.09 0.895
Initial symptoms 0.003 *
No symptom 2 0
Pain 23 14
Weakness 29 51
Motor grade for patients 354 +1.72 2904+ 154  0.042*
with weakness
Image findings
Involved location 6:45:3 8:56:1 0.499
(Cervical:Thoracic:Multiple) o o ’
Pathologic fracture 24 42 0.063
Compression direction . -
(Anterior:Posterior:Circumferential) 5:6:43 10:7:48 0.673
SINS 10.27 +3.23 11.08 +2.84 0.16

RT: Radiotherapy; M: Male; F: Female; DM: Diabetes Mellitus; HTN: Hypertension; HCC: Hepatocellular
carcinoma; RCC: Renal cell carcinoma; GI: Gastrointestinal; GU: Genitourinary; OBGY: Obstetrics and gynecology;
ECOG: Eastern Cooperative Oncology Group Performance Status; SINS: Spine Instability Neoplastic Score.
* p-value < 0.05.

Table 2 presents the comparison of clinical outcomes between the groups. Motor
recovery and ambulation recovery rates were significantly higher in the surgery group.
More patients in this group demonstrated improved or stable motor strength, whereas
a higher proportion of patients in the RT group experienced worsened motor strength
after treatment. Local progression rate, survival duration, and complication rate did
not differ significantly. Kaplan-Meier survival analysis showed no difference between
the groups (Figure 4).

5 https://doi.org/10.3390/jcm15010216
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Table 2. Outcome comparison between RT and Surgery group.

RT Group Surgery Group

(N = 54) (N = 65) p-Value
Motor recovery <0.001 *
Improved 6 32
Maintained 24 27
Worsened 24 6
Ambulation recovery 0.017*
Success 21 40
Failure 33 25
Local progression 11(20.3%) 15 (23.1%) 0.825
Survival period 6.31 £+ 6.01 7.55 +7.17 0.600
Complications 2 5 0.454

RT: Radiotherapy. * p-value < 0.05.

Reasons for Selecting Radiotherapy in Patients Presenting With Motor Weakness

General condition unable to undergo surgery
31% (N=9)

atient refusal
4% (N=1)

Figure 3. Pie chart illustrating the reasons for selecting radiotherapy over surgery in patients
presenting with motor weakness.

Kaplan-Meier Survival Curve

1.0} - — RT
—— Surgery

Survival probability
o o o©
N o fes)

o
(N}

0.0r

0 5 10 15 20 25 30
Months

Figure 4. Kaplan-Meier survival curves comparing overall survival between the radiotherapy and
surgery groups.
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To identify risk factors for local progression, we further analyzed patients according
to specific approaches and RT modalities. Most patients in the surgery group underwent a
posterior approach with laminectomy and fusion (Table 3). Among patients who received
RT, 41.9% underwent SBRT, and 44.4% of patients initially treated with RT received SBRT.
A relatively large proportion of patients did not undergo postoperative RT (n = 22, 33.8%).
Most of these patients (n = 8, 36%) were unable to receive postoperative RT because their
general condition deteriorated after surgery (Figure 5). A substantial number (n = 6, 27%)
were lost to follow-up during transfers between departments or hospitals. Additionally,
23% of patients (n = 5) could not receive postoperative RT due to preoperative RT history.

Table 3. Treatment approaches and modes for both Surgery and RT patients.

Patient Treated with Operation

Operation Approach
Anterior 5(7.7%)
Posterior 57 (88.6%)
Combined 3 (4.6%)
Operation type
Laminectomy 2 (3%)
Laminectomy and fusion 59 (90.8%)
Corpectomy 4 (6.2%)
Postop RT
Yes 43 (66.2%)
No 22 (33.8%)
RT type
EBRT 25 (58.1%)
SBRT 18 (41.9%)
Patient treated with Radiotherapy
RT type
EBRT 30 (55.6%)
SBRT 24 (44.4%)

RT: Radiotherapy; EBRT: external beam radiation therapy; SBRT: stereotactic body radiation therapy:.

Reasons for Patient without Postop RT

Others
9%

=2

Preop RT history terioration
23%

N=5)

Patient re:
5%

o=

Figure 5. Pie chart illustrating the reasons why some patients did not receive postoperative radio-
therapy after surgery.
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When stratified by tumor radiosensitivity, local progression, ambulatory recovery, and
motor improvement were comparable among the sensitive, intermediate, and resistant
groups. In RT-treated patients, outcomes were likewise similar across radiosensitivity
categories, none reaching statistical significance (Supplementary Tables S1 and S2).

3.2. Risk Factor Analysis for Local Progression, Motor Recovery, and Ambulatory Outcomes

After subcategorization, we evaluated risk factors for local progression (Table 4). DM
was a significant risk factor, with an odds ratio (OR) of 3.00 (95% confidence interval
[CI] 1.07-8.40; p = 0.04). In the surgery group, postoperative RT showed a marginal
protective effect (OR 0.32; p = 0.06). DM was also a risk factor in the RT group. The
initial treatment modality (surgery vs. RT) did not significantly influence the risk of
local progression. Multivariate analysis confirmed these findings, with postoperative RT
maintaining marginal significance.

Table 4. Regression analysis of risk factors for local progression.

Univariate OR Multivariate OR

All Patients (95% CI) p-Value (95% CI) p-Value
Age 0.99 (0.96-1.03) 0.73
Sex (F) 0.60 (0.22-1.65) 0.32 — —
DM 3.00 (1.07-8.40) 0.037* 2.89 0.050 *
HTN 0.55 (0.19-1.61) 0.28 — —
Smoking 1.06 (0.44-2.56) 0.89 — —
Pathology 0.82 (0.39-1.73) 0.36 — —
ECOG 0.99 (0.68-1.45) 0.96 — —
Initial motor power 0.90 (0.69-1.17) 0.44 — —
Tumor Location
(Cervical, Thoracic, Multiple) 112 (079-1.59) 0.52 o o
Pathologic Fx 1.00 0.09 — —
Compression direction
(Ant, post, circumferential) 1.00 0.33 o o
SINS total score 0.98 (0.85-1.13) 0.81 — —
Initial Tx (Surgery vs. RT) 1.17 (0.49-2.82) 0.72 — —
RT modality (SBRT) 0.89 (0.35-2.23) 0.80 — —
Surgery Group
Age 0.99 (0.94-1.04) 0.64 — —
Sex (F) 0.64 (0.16-2.63) 0.54 — —
DM 1.91 (0.48-7.52) 0.36 — —
HTN 0.49 (0.10-2.47) 0.39 — —
Smoking 1.86 (CI1 0.58-5.97) 0.29 — —
ECOG 1.03 (0.60-1.75) 0.92 — —
Initial motor grade 0.82 (0.56-1.20) 0.31 — —
Tumor Location o 0.49 o o
(Cervical, Thoracic, Multiple) ’
Pathologic Fx 1.12 (0.33-3.81) 0.85 — —
Compression direction o 013 . o
(Ant, post, circumferential) ’
SINS total 0.99 (0.81-1.21) 0.90 — —
Postoperative RT 0.32 (0.10-1.06) 0.061 * 0.29 (0.08-1.03) 0.055 *
Surgery type — 0.73 — —

https://doi.org/10.3390/jcm15010216
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Table 4. Cont.

Univariate OR Multivariate OR

All Patients (95% CI) p-Value (95% CI) p-Value
RT Group
Age 1.003 (0.95-1.06) 0.92 — —
Sex (F) 0.57 (0.13-2.47) 0.46 — —
DM 5.57 (1.12-27.66) 0.036 ** 5.44 (1.02-29.00) 0.047 **
HTN 0.63 (0.15-2.74) 0.54 — —
Smoking 0.47 (0.11-2.03) 0.31 — —
Pathology — 0.21 — —
ECOG 0.95 (0.55-1.64) 0.86 — —
Tumor Location . 0.47 o .
(Cervical, Thoracic, Multiple) ’
Pathologic Fx 0.76 (0.20-2.87) 0.68 — —
Compression direction L 0.67 . o
(Ant, post, circumferential) ’
SINS total 0.97 (0.79-1.19) 0.78 — —
RT modality (SBRT) 0.66 (0.17-2.58) 0.55 — —
Dose per Fraction 1.00 (0.994-1.006) 0.55 — —
Total Radiation Dose 1.00 (0.997-1.014) 0.17 — —
RT: Radiotherapy; F: Female; DM: Diabetes Mellitus; HTN: Hypertension; ECOG: Eastern Cooperative Oncology
Group Performance Status; Fx: Fracture; SINS: Spine Instability Neoplastic Score; Tx: Treatment; SBRT: stereotactic
body radiation therapy. * p-value near 0.05, ** p-value < 0.05.
Regression analysis for motor recovery was conducted (Table 5). Surgery as the initial
treatment demonstrated a strong favorable association with recovery (OR = 9.82, 95%
CI 3.49-27.67, p < 0.001). Higher SINS were linked to a greater likelihood of recovery
(OR =1.20, 95% CI 1.03-1.40, p = 0.02). However, in the multivariate analysis, only treat-
ment modality remained significant (OR = 10.05, 95% CI 3.36-30.10, p < 0.001). Ambulatory
outcomes were also analyzed (Table 6). Surgery as the initial treatment (OR = 4.33, 95% CI
1.66-11.29, p = 0.003) and higher initial motor power (OR = 1.57, 95% CI1.12-2.19, p = 0.01)
were significantly associated with better ambulation. Higher ECOG grades were associated
with poorer outcomes (OR = 0.60, 95% CI 0.40-0.92, p = 0.02). Cervical metastasis showed a
trend toward better outcomes than thoracic or multilevel metastases (OR = 0.26, 95% CI
0.07-1.07, p = 0.05), although this was not significant in the multivariate analysis.
Table 5. Regression analysis of risk factors for Motor recovery.
. Univariate OR Multivariate OR
All Patients (N = 80) n:;;;(l’ a(t:eI) p-Value v (tg“slf/rlétg p-Value
Age 1.11 (0.97-1.04) 0.812
Sex (F) 1.00 (0.46-2.72) 0.950 — —
DM 0.96 (0.32-2.85) 0.942
HTN 0.56 (0.22-1.44) 0.23 — —
Smoking 0.78 (0.34-1.80) 0.56 — —
Pathology — 0.71 — —
ECOG 1.24 (0.86-1.80) 0.25 — —
Initial motor power 1.12 (0.87-1.44) 0.39 — —
Location (C/T/M) 0.38 0.14 — —
Pathologic Fx 1.01 (0.43-2.36) 0.99 — —
Compression direction 0.23
(Ant, post, circumferential) o ’ o o
SINS total score 1.20 (1.03-1.40) 0.02 * 1.18 (0.99-1.40) 0.07
Initial Tx (Surgery) 9.82 (3.49-27.67) <0.001 ** 10.05 (3.36-30.10) <0.001 **
RT modality (SBRT) 0.76 (0.31-1.86) 0.55 — —

RT: Radiotherapy; F: Female; DM: Diabetes Mellitus; HTN: Hypertension; ECOG: Eastern Cooperative Oncology
Group Performance Status; C; Cervical; T: Thoracic; M: Multiple; Fx: Fracture; SINS: Spine Instability Neoplastic
Score; Tx: Treatment; SBRT: stereotactic body radiation therapy. * p-value < 0.05, ** p-value < 0.005.
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Table 6. Regression analysis of risk factors for ambulation recovery.

. Univariate OR Multivariate OR
All Patients (95% CI) p-Value (95% CI) p-Value
Initial treatment
2.33 (1.10-4.90) 0.03 * 4.33 (1.66-11.29) 0.003 **
Surgery vs. RT
ECOG 0.47 (0.33-0.68) <0.001 ** 0.60 (0.40-0.92) 0.02*
Initial motor power 1.57 (1.21-1.99) <0.001 ** 1.57 (1.12-2.19) 0.01 **
Metastasis level .
Thoracic vs. Cervical 0.26 (0.07-1.07) 0.05 0.28 (0.07-1.16) 0.08
Metastasis level 0.09 (0.01-1.60) 0.07 0.09 (0.01-1.56) 0.09

Multiple vs. Cervical

OR: Odds ratio; CI: Credible interval; RT: Radiotherapy; ECOG: Eastern Cooperative Oncology Group Performance
Status. * p-value < 0.05, ** p-value < 0.005.

4. Discussion

In our study, we analyzed patients with Bilsky grade 3 MESCC. The average interval
between diagnosis of Bilsky grade 3 MESCC and onset of weakness was 17.2 4= 14 days.
Patients presenting with neurologic deficits were more often treated surgically. Local
progression and survival rates did not differ between the groups; however, motor strength
recovery and ambulatory function were superior in the surgery group. Treatment modality
was not a risk factor for local progression, but it had a significant effect on motor strength
recovery and ambulatory outcomes.

In our study, patients with Bilsky grade 3 appeared more vulnerable to neurological
deficits. Among 138 included patients, 90 had motor weakness, and 60 of them showed
weakness prior to diagnosis. Even in patients without clinical symptoms of neurological
deficit, the safety margin was very short, averaging 17.2 days. Patients who presented with
pain only were also treated within 30 days to remain free of neurological deterioration.
These results differ from the finding that 67% of Bilsky grade 2 patients initially presented
with pain [7]. However, prior work reported that paralysis severity was not associated
with the degree of cord compression [12], our findings suggest that higher compression
grades may carry a greater risk of paralysis. Therefore, we propose that patients diagnosed
with Bilsky grade 3 MESCC should be considered for early surgical intervention.

Secondly, in our cohort, a substantial proportion of patients (25 of 29, 86.2%) were
treated with RT rather than surgery because of comorbidities and the risk of deterioration in
overall condition. Given that patients with higher Bilsky grades have poorer survival [11],
previous studies have emphasized careful patient selection to limit surgical stress in frail
individuals [13]. In our cohort, survival and complication rates were not significantly
different between the two groups. Even among patients with limited life expectancy, quality
of life should remain a key factor when considering a surgical intervention [14]. Therefore,
if survival outcomes are comparable between surgery and RT, surgical treatment may be
recommended more strongly. However, as this was a retrospective cohort study, patients in
better general condition may have been more likely to receive surgery, whereas those in
poorer condition may have been directed toward RT. A small number of patients who were
initially considered for surgery but ultimately treated with radiotherapy due to clinical
deterioration were included in the radiotherapy group (n = 3). Although this subgroup
was very small relative to the overall cohort, its inclusion may still contribute to residual
confounding, and this should be considered when interpreting the comparative results.
Baseline ECOG performance status was comparable between the two groups. Nevertheless,
ECOG alone may not fully capture differences in systemic fitness, and residual selection
bias is likely to persist. Additional studies are needed to further clarify these observations.
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The local progression rate did not differ between the groups, and neither surgery nor
RT was a risk factor for local progression. In our study, only DM was associated with local
progression. Previous reports have shown that DM contributes to immune dysfunction,
which may worsen outcomes in metastatic cancer, aligning with our findings [15-17]. How-
ever, the small sample size introduces the possibility of confounding factors that require
further evaluation. Although postoperative RT demonstrated a marginally significant
protective effect, this result is consistent with the findings of Hu et al. [2]. Despite the
established importance of postoperative RT for improved outcomes, many patients were
lost during intra- or inter-hospital transfers, preventing them from receiving postoperative
RT. To reduce the risk of recurrence, enhanced communication across transfer settings
is essential.

The SINS is recognized as an important determinant when selecting surgery or
RT [18,19]. However, most patients with Bilsky grade 3 MESCC in our cohort had a
high SINS, which limited its significance in the analysis. The radiation modality also did
not significantly influence progression. Although SBRT showed a numerically lower rate
of local progression compared with EBRT, this difference did not reach statistical signif-
icance. Wong et al. similarly reported no difference in local progression between EBRT
and SBRT [20,21], which is consistent with our findings. Radiation dose per fraction was
also not associated with local progression in our cohort, despite prior reports suggesting
its importance [22]. This may reflect the small sample size of the SBRT subgroup and the
consequent limited ability to adjust for confounders such as radiosensitivity, tumor biol-
ogy, and prior RT exposure. Therefore, the absence of a statistically significant difference
between SBRT and EBRT should be interpreted with caution. Accordingly, no definitive
conclusions regarding the comparative efficacy of EBRT versus SBRT can be drawn from
this dataset.

Motor strength and ambulatory recovery were superior in the surgery group. Al-
though higher SINS values were associated with improved recovery in the univariate
analysis, this association was not significant in the multivariate analysis. This finding
likely reflects that patients with higher SINS values were more likely to undergo surgery,
suggesting confounding between SINS values and treatment modality. When categorized
by ambulatory function, ECOG score and initial motor power were significant predictors of
recovery. Because ECOG performance status reflects ambulatory capacity, and motor grade
is essential for ambulation, these results align with our expectations. Although surgery
intuitively offers greater potential for motor and ambulatory improvement because direct
spinal cord decompression is more effective than RT [23,24], few studies have evaluated
these outcomes specifically in patients with Bilsky grade 3 MESCC.

Because patients with Bilsky grade 3 MESCC face a high risk of rapid neurologic
deterioration, and given the superior functional outcomes observed with surgery along
with comparable comorbidity profiles, survival rates, and local progression rates, we
propose surgery as the preferred treatment for patients with or without weakness.

The main limitation of this study is its retrospective design, which prevents complete
exclusion of selection bias in the treatment choice. In addition, the number of patients was
too small for meaningful subgroup analyses or identification of additional risk factors. For
instance, we could not differentiate tumor pathologies, although distinct pathologies may
yield different outcomes. Variations in radiosensitivity based on primary pathology may
substantially influence treatment results [25]. Hepatocellular carcinoma showed a higher
local progression rate than other pathologies in our cohort, but the sample size (22 cases)
was insufficient for statistical significance. Large, multi-center studies are necessary to
obtain more comprehensive data on the relatively uncommon Bilsky grade 3 MESCC and
to validate the findings of this study.
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Abstract: Objectives: This study aimed to evaluate the efficacy and toxicity of stereotactic
body radiotherapy (SBRT) for spinal metastases, focusing on pain control, local tumor con-
trol, and the incidence of vertebral compression fractures (VCF). Materials and Methods:
We retrospectively analyzed 179 patients with 217 spinal metastatic lesions who underwent
SBRT between July 2020 and April 2022. The prescribed doses for SBRT were 18 or 20 Gy
for one fraction, >24 Gy for three fractions, >20 Gy for four fractions, and >25 Gy for
five fractions. Patient-reported treatment response was evaluated 1-3 months after SBRT
completion. Local recurrence was defined as failure within the radiotherapy field. Pain
response, local progression-free survival (LPFS), and the incidence of painful VCF were
assessed. Prognostic factors for LPFS and VCF risk factors were evaluated. Results: The
overall pain response rate was 80.8%. LPFS rates were 90.6% at 1 year and 83.0% at 2 years.
Lytic/mixed lesions and involvement of multiple segments were significant prognostic
factors for reduced LPFS. The cumulative incidence of painful VCF was 8.7% at 1 year and
12.8% at 2 years. A biologically effective dose (BED3) >104 Gy was the only significant risk
factor for painful VCF. Conclusions: SBRT demonstrated high efficacy for pain and local
tumor control in spinal metastases, with an acceptable VCF risk.

Keywords: spine; metastasis; stereotactic body radiotherapy; vertebral compression fracture

1. Introduction

Spinal metastasis is one of the frequent sites of tumor spread, occurring in approxi-
mately 50-70% of patients with cancer [1-3]. Among patients with spinal metastases, 20%
exhibit symptoms that can result in serious complications, such as compression fractures or
spinal cord compression [4]. The initial approach for managing patients with spinal metas-
tases is to determine whether surgical intervention is required. For those not requiring
surgery, conventional external beam radiotherapy (CRT) has been the standard treatment
to relieve pain, improve or maintain neurological function, and achieve tumor control.

Recently, advances in targeted therapy, hormone-targeting drugs, and immune check-
point inhibitors have improved long-term overall survival [5,6]. The prolonged survival
has raised the importance of maintaining long-term local control of spinal metastases. In
this context, stereotactic body radiotherapy (SBRT) offers several advantages over CRT,
delivering high biologically effective doses (BED) of radiation to tumors while minimizing
toxicities to surrounding normal tissues in a few fractions (typically 1-5). The efficacy of
SBRT has been particularly notable in metastatic diseases with traditionally radioresistant
histologies, such as renal cell carcinoma, hepatocellular carcinoma, and sarcoma [7,8].
Specifically in spinal metastases, SBRT has demonstrated superior outcomes compared
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to CRT, with high rates of tumor control (80-90%) and low rates of toxicity [9-11]. Large
studies have reported overall and complete pain response rates of approximately 82% and
43.5%, respectively [12], and various SBRT doses and fractionation schemes were used in
these studies. Large prospective studies have reported doses ranging from 16 or 20 Gy
in a single fraction to 24 Gy in two fractions, 30 Gy in three fractions, or 35 Gy in five
fractions [13].

However, vertebral compression fracture (VCF) is a potential late adverse effect of
SBRT, causing pain and spinal instability, sometimes requiring stabilization or decom-
pression. VCF rates are reported to be 6-14% [14]. Predictive factors for VCF have been
identified including radiographic tumor features (e.g., lytic lesions or baseline VCF), patient
characteristics (e.g., sex and age), and radiotherapy dose and fractionation (e.g., dose per
fraction > 20 Gy).

This study aims to assess patient-reported pain relief and evaluate the efficacy and
incidence of VCF in patients with spinal metastases treated with SBRT at a large tertiary
medical center in Korea.

2. Materials and Methods

We retrospectively reviewed the medical records of patients who underwent spinal
SBRT at a single institution from July 2020 to April 2022. The inclusion criteria were as fol-
lows: (1) spinal metastasis confirmed by computed tomography (CT), magnetic resonance
imaging (MRI), or positron emission tomography/CT (PET/CT); (2) age > 18 years; and
(3) Eastern Cooperative Oncology Group (ECOG) performance status of 0-2. Patients with
previous surgery or radiotherapy to the involved vertebral region were excluded. Patient
selection was based on our institutional guidelines, which recommend SBRT as primary
treatment for patients with spinal metastases who have SINS scores < 7 (stable spine) and
no or minimal neurological symptoms. In selected asymptomatic patients, SBRT was also
offered to prevent progression that could lead to future pain or neurological compromise,
to treat lesions with concerning radiographic features despite absence of symptoms, or
according to institutional protocols recommending upfront SBRT for radioresistant histolo-
gies. Patients with SINS scores > 13 or ESCC grade 3 requiring surgical intervention before
radiotherapy were excluded from this study. Patients with multiple myeloma and other
hematopoietic malignancies were also excluded, as these malignancies exhibit different
radiosensitivity characteristics and patterns of spinal stability compared to solid tumors. A
total of 179 patients were included in the analysis, with 217 treated lesions. Radiosensitive
histology was defined as breast and prostate cancer. Radioresistant histology was defined
as all other cancer types.

Before radiotherapy, the patients underwent a neurological examination and pain
assessment. CT simulation was performed with a 2.5 mm slice thickness. Gross tumor
volume was delineated using CT, MRI, or PET/CT, and clinical target volume was set by
the radiation oncologist, considering tumor volume and organs at risk. Target volume
doses were prescribed to be >95% of the radiotherapy dose. The selection of dose and
fractionation was determined by a radiation oncologist, considering the characteristics
of the spinal lesion and the dose constraints of the surrounding organs. The selection of
dose and fractionation was determined by radiation oncologists based on several factors
including distance to the spinal cord, tumor histology and size, ECOG, and history of
previous radiotherapy. Based on these considerations, the schedule consisted of one to five
fractions, with prescribed doses of 18 or 20 Gy for one fraction, >24 Gy for three fractions,
>20 Gy for four fractions, and >25 Gy for five fractions. Simultaneous integrated boost
(SIB) was permitted.
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Patient-reported treatment response was evaluated 1-3 months after SBRT completion
through medical records of follow-up visits and analgesic medications. Pain response
was categorized as complete response (CR) (patients reporting being pain-free during
follow-up visits), partial response (PR) (patients reporting feeling “less pain” compared to
baseline, or documented reduction in analgesic medication dosage or frequency without
increased pain), stable pain (patients reporting pain levels as “unchanged” or “the same”
as baseline with stable medication requirements), or progressive pain (patients reporting
worsening pain or requiring increased analgesic medication dosage). Only patients who
provided clear, documented responses regarding their pain status during follow-up visits
were included in the pain analysis. Patients without explicit pain-related reports or those
with ambiguous responses were excluded from the pain assessment.

Radiologic response was assessed using CT, MRI, or PET/CT and evaluated according
to the Response Evaluation Criteria in Solid Tumors (RECIST) ver. 1.1 and European
Organization for Research and Treatment of Cancer PET criteria [15,16]. Local recurrence
was defined as failure within the radiotherapy field. Local progression-free survival (LPFS)
was calculated from the completion of radiotherapy to local recurrence.

Toxicity was evaluated according to the Common Terminology Criteria for Adverse
Events (version 5.0). A painful VCF identified during a follow-up examination was defined
as a new endplate fracture or progression of collapse deformity compared with the pre-
SBRT imaging findings.

Survival curves for LPFS were constructed using the Kaplan-Meier method. All
reported p-values are two-sided, and the significance level was set at 0.05 for all analyses.
Cox and logistic regression analyses were used to determine the prognostic and risk factors
for LRFS and painful VCF. Prognostic factors with p-values less than 0.1 were included in
the multivariable analysis. All statistical analyses were performed using SPSS software,
version 20.0 (IBM, Armonk, NY, USA).

3. Results
3.1. Characteristics of the Patients and Spinal Lesions

The baseline characteristics of the patients and lesions are summarized in Tables 1
and 2, respectively. The median age of all patients was 63 years, and the patients were
predominantly male. The ECOG performance status was predominantly classified as 1.
Among all treated lesions, 9.2% were cervical, 42.9% thoracic, 40.1% lumbar, and 7.8% sacral.
The primary tumor histology included lung, prostate, gastrointestinal, breast, and others,
in descending order of prevalence. Most lesions exhibited lytic characteristics (57.1%),
were treated in a single segment (60.0%), and were documented to have pre-existing VCF
based on MRI or CT scans before SBRT (25.8%). More than half of the lesions (76.5%) were
symptomatic. Table 3 summarizes the dosimetry values and their associated characteristics.
More than half of the lesions were treated with five fractions (66.4%) and SIB (58.5%). The
median gross tumor volume and prescribed BED;y were 19.3 mL (range, 1.1-521.0) and
48.0 (range, 30.0-72.0), respectively.

Table 1. Patient characteristics.

Variables Number of Patients (n = 179)
Age (years), median (range) 63 (29-86)
Sex
Male 134 (74.9%)
Female 45 (25.1%)
ECOG
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Table 1. Cont.

Variables Number of Patients (n = 179)
0 2 (1.1%)
1 145 (81.0%)
2 32 (17.9%)

BMI (kg/m?), median (range)

23.5(15.8-31.8)

Abbreviations: ECOG, Eastern Cooperative Oncology Group; BMI, body mass index.

Table 2. Lesion characteristics.

Variables

Number of Lesions (n = 217)

Bone agent use
Yes
No
Histology
Breast
NSCLC
Ureter
Gastrointestinal
Renal cell carcinoma
Melanoma
Prostate
Gynecological
Sarcoma
Endocrinal
Pain
Yes
No
Spinal location
Cervical
Thoracic
Lumbar
Sacral
Paraspinal extension
Yes
No

Baseline vertebral compression fracture

Yes
No
Bone lesion
Lytic
Blastic
Mixed

Number of segments treated

Single
Multiple (2-8)

45 (20.7%)
172 (79.3%)

7 (3.2%)
62 (28.6%)
5 (2.3%)
44 (20.3%)
39 (18.0%)
1 (0.5%)
46 (21.2%)
4 (1.8%)
5 (2.3%)
4 (1.8%)

166 (76.5%)
51 (23.5%)

20 (9.2%)
93 (42.9%)
87 (40.1%)
17 (7.8%)

48 (22.1%)
169 (77.9%)

56 (25.8%)
161 (74.2%)

126 (58.1%)
62 (28.6%)
29 (13.3%)

130 (60.0%)
87 (40.0%)

Abbreviations: NSCLC, non-small cell lung cancer.

Table 3. Dosimetric characteristics.

Characteristics Number of Lesions (1 = 217)
Fraction
1 25 (11.5%)
3 8 (3.7%)
4 40 (18.4)
5 144 (66.4%)
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Table 3. Cont.

Characteristics Number of Lesions (n = 217)
GTV volume in cm3, median (range) 19.3 (1.1-521.0)
Total prescription dose in Gy, median (range) 30.0 (16.0-40.0)
Fractional prescription dose, Gy, median (range) 6.5 (5.0-20.0)
Prescribed BED, Gy, median (range) 48.0 (30.0-72.0)
SIB
Yes 127 (58.5%)
No 90 (41.5%)
Vertebral body dose maximum, median (range) 30 (0-40)
Vertebral body dose minimum, median (range) 24 (0-35)

Abbreviations: GTV, gross tumor volume; BED, biologically effective dose; SIB, simultaneous integrated boost.

3.2. Response to SBRT

The median follow-up period for the entire cohort was 15.3 months (range, 3.0-43.8).
The outcomes of SBRT on the pain associated with each lesion are shown in Table 4. Among
all lesions, 166 initially presenting with pain were evaluated for pain response to SBRT,
excluding 51 lesions that did not present with pain. Sixty-one lesions (36.7%) achieved CR,
and 96 lesions experienced PR.

Table 4. Pain assessment within three months of painful spinal metastases.

Number of Painful Lesions at Baseline
Response

(n =166)
Complete response 61 (36.7%)
Partial response 96 (57.8%)
Progressive pain 3 (1.8%)
Stable pain 6 (3.6%)

Among 217 lesions, 27 (12.4%) showed local recurrence at the irradiated sites. Of the
27 lesions with local recurrence, 13 (48.1%) occurred within the vertebral body, 2 (7.4%)
within the epidural space, and 12 (44.4%) involved both sites. The cumulative incidence of
local progression was 9.4% and 17.0% at 1 and 2 years, respectively (Figure 1A). Among
these, five patients developed neurological deficits as a result of local tumor progression.
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Figure 1. Kaplan-Meier Curve for (A) LPFS, (B) LPFS According to the Lesion Type, and (C) LPFS
According to the Segment Number. Abbreviations: LPFS, local progression free survival.

The univariate and multivariate analyses for LPFS are discussed in Table 5. Compared

with blastic lesions, lytic and mixed lesions were associated with significantly worse
LPFS (hazard ratio [HR] 5.704, 95% confidence interval [CI] 1.349-24.119, p = 0.018), and
involvement of multiple segments was also an adverse prognostic factor (HR 2.686, 95%
CI1.228-5.874, p = 0.013). Significant differences in LPFS were observed between blastic
versus lytic and mixed lesions and single versus multiple segments (2-year LPFS: 98.3% vs.
76.8%, p = 0.008; 2-year LPFS: 90.0% vs. 73.0%, p = 0.010) (Figure 1B,C).

Table 5. Univariate and multivariate analysis of LPFS.

Univariate Multivariate
Variables
HR 95% CI p-Value HR 95% CI p-Value
Histology
(radioresistant vs. radiosensitive) 1.879 0.710-4.975 0.204 B ) B
_ Type of lesion 5.670 1.341-23.967 0.018 5.704 1.349-24.119 0.018
(lytic/mixed vs. blastic)
Paraspinal extension 2.527 1.148-5.560 0.021 1.951 1.047-5.542 0.122
(yes vs. no)
Fraction 1.347 0.462-3.928 0.586 ; - ;

(single vs. multiple)
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Table 5. Cont.

Univariate Multivariate
Variables
HR 95% CI p-Value HR 95% CI p-Value
Segment 2.665 1.221-5.813 0.014 2.686 1.228-5.874 0.013
(multiple vs. single)

SIB 1.667 0.745-3.732 1.667 - - -
(yes vs. no)

BED1 1.076 0.503-2.301 0.850 - - -

(<50Gy vs. >50Gy)

Values in the parentheses were set as the reference. Abbreviations: LPFS, local progression free survival; HR,
hazard ratio; CI, confidence interval; SIB, simultaneous integrated boost; BED, biologically effective dose.

Acute toxicity was evaluated during and within 3 months of SBRT. Acute radiation-
induced side effects were grade 1 or 2, including esophagitis (n = 2, 1.0%) and diarrhea
(n =2,1.0%). No grade 3 or higher acute toxicities were reported.

3.3. Painful VCF

We analyzed the incidence of VCF, as shown in Figure 2. One hundred and seventy-
nine lesions with a follow-up duration of at least six months were evaluated for the
incidence of painful VCE Twenty painful VCFs were noted among the 179 lesions. The
cumulative incidence of painful VCF was 8.7% at 1 year and 12.8% at 2 years (Figure 2A).
The incidence of painful VCF stratified by fractionation scheme is summarized in Table 6.
The VCEF rate for single fraction (n = 21) was 19.0% (95% CI: 7.7—40.0). For multi-fraction
regimens, rates were 0% (95% CI: 0-39.0) for 3 fractions (n = 6), 15.2% (95% CI: 6.7-30.9)
for 4 fractions (n = 33), and 9.2% (95% CI: 5.2-15.8) for 5 fractions (n = 119). While
sample sizes were substantially uneven across groups, with 66.5% of evaluable lesions
receiving 5 fractions, there was no statistically significant difference in VCF incidence
among fractionation schemes (p = 0.232).
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Figure 2. (A) Cumulative incidence of painful vertebral compression fractures (B) between BED;
>104 Gy and <104 Gy. Abbreviations: VCF, vertebral compression fracture; BED, biologically
effective dose.

Table 6. Painful vertebral compression fracture incidence by fractionation Scheme.

Fractionation Total Number Painful VCF Events (%) 95% CI
1 fraction 21 4(19.0) 7.7-40.0
3 fractions 6 0(0.0) 0.0-39.0
4 fractions 33 5(15.2) 6.7-30.9
5 fractions 119 11 (9.2) 5.2-15.8

Abbreviations: VCF, vertebral compression fracture; CI, confidence interval.

Six lesions were treated with surgery for spinal stability, three lesions were managed
with thoracolumbosacral orthosis, and 11 lesions were controlled with pain medications.
Among those who underwent surgery, three patients experienced neurological deficits
attributable to vertebral compression fractures. After univariate and multivariate analyses
for painful VCF, BED; >104 Gy was the only significant risk factor (OR, 2.915; 95% CI,
1.045-8.132; p = 0.041) (Table 7). A significant difference was observed in the cumulative
incidence of painful VCF between the BED3 >104 Gy and BED3 <104 Gy groups (2-year
cumulative incidence of painful VCF: 19.3% vs. 6.9%, p = 0.028) (Figure 2A,B).

Table 7. Univariate and multivariate analyses of prognostic factors for painful vertebral compression

fracture.
Univariate Multivariate
Variables
OR 95% CI p-Value OR 95% CI p-Value

g‘z)“ssa%g;; 1.560 0.524-4.644 0.425 - - -

BMI
(<25 vs. >25) 2.997 0.841-10.673 0.090 2.830 0.775-10.332 0.115

Sex 1.194 0.431-3.308 0.733 - - -

(female vs. male)
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Table 7. Cont.

Univariate Multivariate
Variables
OR 95% CI p-Value OR 95% CI p-Value

Histology

(radioresistant vs. radiosensitive) 1.032 0.322-3.305 0.957 ) ) )
_Typeoflesion 4500 1.006-20.120 0.049 4212 0.825-19.173 0.063
(lytic/mixed vs. blastic)

Pre-existing VB collapse 2.123 0.808-5.058 0.127 - - -

(yes vs. no)
Paraspinal extension 1.843 0.654-5.191 0.247 - - -

(yes vs. no)
SINS class 1.957 0.758-5.049 0.165 - - -

(IT or greater vs. I)
_ fraction 2.088 0.625-6.972 0.231 ; - -
(single vs. multiple)

SIB 1.656 0.605-4.533 0.326 - - -

(yes vs. no)
Segment 1.156 0.437-3.058 0.770 - - -

(multiple vs. single)
BED; 2.967 1.085-8.115 0.034 2915 1.045-8.132 0.041

(>104Gy vs. <104 Gy)

Values in the parentheses were set as the reference. Abbreviations: OR, odds ratio; CI, confidence interval; BMI,
body mass index; VB, vertebral body; SINS, Spinal Instability Neoplastic Score; SIB, simultaneous integrated
boost; BED, biologically effective dose.

3.4. Subgroup Analysis

Subgroup analysis comparing symptomatic and asymptomatic lesions at baseline
was performed to evaluate outcome differences by symptom status. Kaplan—-Meier anal-
ysis showed a non-significant trend toward better local control in asymptomatic lesions
(p = 0.093, log-rank test). One-year and two-year LPFS were 97.4% (95% CI, 82.8-99.6)
and 92.9% (95% CI, 73.5-98.3) for asymptomatic lesions, versus 86.6% (95% Cl, 79.4-91.4)
and 80.0% (95% Cl, 70.5-86.7) for symptomatic lesions. Local recurrence occurred in
3 of 51 asymptomatic lesions (5.9%) and 24 of 166 symptomatic lesions (14.5%). Among
179 lesions with >6 months of follow-up, painful VCF incidence was comparable between
groups—4 of 45 (8.9%) versus 16 of 134 (11.9%) (p = 0.574).

3.5. Overall Survival

The median survival time was 17.3 months (range, 3.0-39.6), and the 1- and 2-year
overall survival rates were 65.4% and 36.4%, respectively.

4. Discussion

This retrospective study demonstrated that SBRT is a highly effective treatment modal-
ity for managing pain and achieving local tumor control in patients with spinal metastases,
with acceptable toxicity. The overall pain response rate to SBRT was 80.8%, which aligns
with the evolving evidence base supporting SBRT for symptomatic spinal metastases. Early
prospective evidence established SBRT efficacy, with Gerszen et al. reporting an overall
pain response rate of 86% in one of the largest single-institution series of 500 cases [17].
Subsequently, higher-level evidence from the randomized controlled trials has confirmed
SBRT’s superiority. The landmark Canadian Cancer Trials Group Symptom Control 24
(CCTG SC.24) phase II/11I clinical trial directly compared SBRT (24 Gy in 2 fractions) to
CRT (20 Gy in 5 fractions) in 114 patients, demonstrating a complete pain response rate
of 35% at 3 months with SBRT and establishing it as superior to conventional approaches
for symptomatic disease [18]. A recent systematic review and meta-analysis by Guninski
et al., conducted as part of the 2024 ESTRO practice guideline development, synthesized
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data from multiple studies and confirmed overall and complete pain response rates of ap-
proximately 83% and 36.5%, respectively, establishing contemporary benchmarks for SBRT
efficacy [12]. Collectively, these data support SBRT as the preferred treatment modality
for painful spinal metastases, and our results corroborate these findings in a real-world
clinical setting.

Despite 75.6% of the lesions being classified as radioresistant, our study showed LPFS
rates of 90.6% at 1 year and 83.0% at 2 years, consistent with previous studies reporting
high tumor control rates (80-90%) with SBRT. These results compare favorably with CRT
outcomes, with multiple studies now establishing SBRT’s superiority for local control. The
comparative study by Zeng et al. reported significantly lower local failure rates with SBRT
versus CRT: 6.1% versus 28.4% at 12 months and 14.8% versus 35.6% at 24 months (p < 0.001)
in a mature comparative analysis [19]. The CCTG SC.24 randomized trial similarly demon-
strated improved local control with SBRT in their head-to-head comparison [18]. Our
observed local recurrence rates of 9.4% at 1 year and 17.0% at 2 years with SBRT align with
these findings and fall within the range reported by the systematic review by Guckenberger
et al., which synthesized available evidence and reported local control rates of 80-95%
at 1-2 years with SBRT, substantially higher than historical CRT [20]. However, several
population-specific factors warrant consideration when interpreting these outcomes. The
histologic composition of our cohort—mainly lung, prostate, and gastrointestinal cancers—
may differ from other series, affecting the generalizability of local control estimates. The
pronounced male predominance (74.9%), largely due to prostate and lung cancers, could
have influenced lesion characteristics and treatment responses, as osteoblastic metastases
from prostate cancer typically show better local control. In addition, the limited median
overall survival (17.3 months) introduces competing mortality risk, whereby late recur-
rences may remain undetected. These factors should be considered when comparing our
results with other studies. Optimal dose-fractionation for spinal SBRT remains an area
of active investigation, with emerging evidence supporting higher biologically effective
doses. The 2024 ESTRO clinical practice guideline, based on comprehensive systematic
review, recommends a BEDjg exceeding 50 Gy for durable local control, equivalent to a
single fraction of 18 Gy or 30 Gy in three fractions [20]. This recommendation is supported
by the randomized phase III trial by Zelefsky et al., which compared single-fraction 24 Gy
versus fractionated 27 Gy in three sessions for oligometastatic disease, including 56% with
spinal metastases, and demonstrated superior local control with the higher single-dose
approach [21]. Long-term data from the SABR-COMET trial further support the efficacy of
ablative doses in oligometastatic settings [13].

However, our analysis did not identify a significant dose-response relationship (no
significant difference in LPFS between BED;y > 50 Gy and <50 Gy groups). This discrep-
ancy warrants interpretation in the context of our population characteristics. First, our
patient cohort included a higher proportion of multiple segments treatments (40.0% vs.
single segment), which have been independently associated with reduced local control
regardless of dose. Second, other factors, such as tumor histology or concurrent systemic
therapies, may influence local control independent of the radiation dose. Additionally,
the heterogeneity in the fractionation schedules used in our cohort might have affected
the BED calculations and subsequent analysis. Further investigation into these potential
confounding factors is warranted to better understand the dose-response relationship in
this setting and to optimize SBRT regimens for individual patients. Our analysis identified
lytic/mixed lesion characteristics and the involvement of multiple segments as significant
prognostic factors for reduced LPFS. Similarly, Guckenberger et al. reported that treating
>1 vertebra with SBRT correlated with poor local control (p = 0.04; HR, 0.62) in 387 spinal
metastases [22]. Osteolytic lesions are known to exhibit more aggressive clinical features
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than osteoblastic lesions, often causing bone destruction and leading to mechanical instabil-
ity of the spine. When we analyzed the histologies of lytic, mixed, and blastic lesions, more
than half of the blastic lesions had primary tumors in the prostate and breast, while the
lytic and mixed lesions were observed in the lung, gastrointestinal tract, and kidney. This
heterogeneity in histology might have been attributed to the differences in local control.

Our subgroup analysis suggested modest differences in treatment outcomes according
to baseline symptom status. Asymptomatic lesions showed marginally better local control
than symptomatic lesions, with 2-year LPFS rates of 92.9% versus 80.0% (p = 0.093) and
lower recurrence rates (5.9% vs. 14.5%). Although not statistically significant, this trend
suggests that earlier intervention before symptom onset may be beneficial in carefully
selected patients. The comparable incidence of painful VCF (8.9% vs. 11.9%, p = 0.574)
indicates that prophylactic SBRT does not increase fracture risk. These findings support
selective SBRT for asymptomatic lesions, particularly in patients with radioresistant his-
tology or progressive disease despite systemic therapy, while underscoring the need for
prospective validation.

Although the toxicity of SBRT for spinal metastases is generally considered acceptable,
VCEF is the most common adverse event, often resulting in significant pain and spinal
deformity. Higher radiation doses can improve local control, but they increase the risk
of VCFs, particularly with single-fraction schedules such as 1 x 24 Gy. We observed
cumulative incidences of painful VCF of 8.7% at 1 year and 12.8% at 2 years, falling toward
the lower end of the 6-14% range reported in the literature [14]. Several treatment-related
factors may account for this relatively favorable toxicity outcome. Our predominant use of
multi-fraction regimens likely allowed normal tissue repair between fractions. Additionally,
bone-modifying agents were used in 20.7% of patients, which may have provided skeletal
protection, particularly among high-risk individuals. Third, SIB was applied in 58.5% of
lesions, potentially reducing vertebral body dose by concentrating radiation within the
gross tumor volume. However, several potential sources of bias should be considered. The
pronounced male predominance (74.9%), largely due to prostate (21.2%) and lung cancers
(28.6%), may have attenuated the observed VCF incidence, as female sex is a known risk
factor owing to lower bone mineral density and estrogen deficiency. Moreover, the limited
median OS of 17.3 months introduces competing mortality risk, whereby late VCFs may
remain undetected, likely leading to underestimation of the true cumulative incidence,
particularly in longer-surviving populations.

Multiple risk factors for VCF following SBRT have been identified, including patient-
related factors (SINS score, baseline fracture, lytic lesions, female sex) and treatment-related
factors (dose per fraction, total dose) [14,19,20,22]. The 2024 ESTRO guideline confirmed
dose per fraction > 20 Gy as a significant predictor alongside patient-specific factors [20].
Our finding that BED; > 104 Gy was the only significant risk factor for painful VCF (HR
2.915,95% CI11.045-8.132, p = 0.041) aligns with prior dose-dependent VCF risk studies. The
lack of association with other commonly reported risk factors may reflect our predominantly
multi-fraction approach (88.5% received > 3 fractions) and male-predominant population
(74.9%). These findings underscore the importance of balancing tumor control against VCF
risk through appropriate dose-fractionation selection.

Our study observed low rates of acute toxicity, with only grade 1-2 esophagitis and
diarrhea reported in 2% of the cases. Therefore, SBRT can be a safe and effective treatment
for patients with spinal metastases.

This study had several limitations. First, pain response was evaluated retrospectively
from chart review rather than prospectively using standardized instruments such as the
Brief Pain Inventory or Visual Analog Scale. Although we included only patients with
clearly documented pain responses, the subjective nature of clinical records and inter-
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physician variability may have introduced inconsistencies. Pain assessment based on
patient recall during follow-up may also be prone to bias. Moreover, the 1-3-month
post-SBRT window, while clinically relevant, may not capture the full trajectory of pain
improvement or late recurrence. Despite these limitations, our approach reflects real-world
practice and provides meaningful insight into treatment efficacy. Second, the retrospective
design carries inherent risks of selection bias and incomplete data capture, particularly
for toxicity outcomes that may be underreported in routine clinical documentation. Third,
several population-specific factors limit the generalizability of our findings. The marked
male predominance (74.9%), largely due to high proportions of prostate and lung cancers,
may have influenced lesion characteristics and the observed VCF incidence. The limited
median OS of 17.3 months also introduces competing mortality risk, potentially leading
to under-detection of late local recurrences and VCFs. In addition, the heterogeneous
tumor histology in our cohort complicates direct comparison with other series. Future
studies with more balanced populations and longer follow-up are needed. Fourth, imaging
surveillance was not standardized, and some patients lacked pre- and post-SBRT MRI,
which may have affected the accuracy of response and VCF assessment. Fifth, the marked
attrition in patients at risk from 1 to 2 years in our Kaplan-Meier analyses may reduce
the precision of long-term estimates and introduce survivor bias, as patients remaining at
2 years likely represent a more favorable subset. Accordingly, 2-year outcomes should be
interpreted with caution, whereas 1-year estimates may better reflect the overall cohort.
Sixth, our VCF risk factor analysis (n = 20 events) carries a potential risk of overfitting. To
mitigate this, we restricted multivariable analysis to covariates with p < 0.1 in univariate
testing, emphasized effect sizes over p-values, and included only biologically plausible
variables. Validation in larger cohorts is warranted.

Despite these limitations, this study provides real-world evidence supporting the
efficacy and safety of SBRT for spinal metastases in a large, consecutive patient cohort
treated with contemporary techniques and dose-fractionation schemes.

We expect future studies to further investigate the prognostic factors for LPFS and
risk factors for VCF, especially based on primary tumor histology. Our study demonstrated
that SBRT is an effective and well-tolerated treatment for spinal metastases in terms of pain
and local tumor control.

5. Conclusions

In this retrospective study, we evaluated the outcomes of SBRT in spinal metastases.
SBRT emerges as an effective treatment for spinal metastases, achieving high rates of pain
relief, local tumor control, and an acceptable risk of vertebral compression fractures.
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Abstract: Background/Objectives: Previous studies have reported satisfactory outcomes
and low rates of instrumentation-related complications (IRCs) following nonfusion pos-
terior fixation in patients with metastatic spinal tumors (MSTs). However, to adequately
assess the longevity and durability of nonfusion instrumentation in patients with longer
life expectancy, an extended follow-up period is essential. This study aims to evaluate
the incidence of and risk factors for IRCs in patients with MSTs who underwent nonfu-
sion posterior fixation and had radiographic follow-up data available for at least one year
postoperatively. Methods: Consecutive data were collected from patients who underwent
pedicle screw-based posterior fixation without fusion for MSTs in the thoracic and/or
lumbar region from 2005 to 2018. The IRCs included screw loosening, screw pull-out, and
metal breakage. The IRC-free survival and related factors were analyzed by Kaplan-Meier
survivorship analysis with the log-rank test within a minimum follow-up period of one
year. A multivariate analysis was performed using a Cox proportional-hazards regression
model. Results: In total, 61 patients were included. The mean follow-up period was
28.3 months (range: 12.0-102.6 months). There were 27 cases (44.2%) of IRCs, including 22
cases of screw loosening, four cases of screw pull-out, and one case of rod breakage, at an
average of 9.6 months (range: 1.0-38.1 months). The median IRC-free survival was 38.1
months (range: 1.0-102.6 months). Only three patients experienced pain aggravation with
IRCs. No revision surgery was performed. A multivariate analysis identified that fixation
length was a risk factor for IRCs (odds ratio: 0.358, 95% confidence interval: 0.114-0.888;
p = 0.027). Conclusions: IRCs are frequent but mostly asymptomatic after nonfusion
posterior fixation in patients with MSTs followed up for at least one year. Overall, the
IRC-free survival was long enough considering the patient survival. Fixation length was a
significant risk factor for IRCs regardless of MST location.

Keywords: metastatic spinal tumor; posterior fixation; nonfusion; instrumentation related
complications; risk factors; survival analysis

1. Introduction

As the overall survival profile of cancer patients improves with continued advance-
ments in medical treatment, the survival of patients with metastatic spinal tumors (MSTs)
is also increasing [1]. Considering that the natural course of untreated MSTs would be
unfavorable with time, those patients may experience pain or neurologic deficits related to
MSTs [2,3]. Surgical treatment has been adopted more frequently than ever before to treat
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or prevent these morbidities in patients with MSTs [4]. Stabilization and /or decompression
are the most popular surgical procedures included in palliative therapy plans [2].

Spinal fusion has been frequently paired with instrumentation to increase construct
longevity and avoid late failures of instrumentation such as screw loosening, screw pull-
out, or metal breakage [5,6]. In many patients with MSTs, however, the fusion procedure
is difficult to complete due to a lack of adequate fusion bed or the individual’s poor
general condition. Additionally, fusion is difficult to achieve because of the effects of
perioperative radiotherapy, chemotherapy, steroid use, and malnutrition [7]. Patients with
MSTs usually have a relatively short life expectancy, which might not be long enough to
achieve solid bony fusion [4]. For these reasons, spinal instrumentation without fusion has
been considered in the management of MSTs.

Recent studies have reported favorable outcomes and low rates of instrumentation-
related complications (IRCs) following nonfusion instrumentation in patients with
MSTs [7-9]. However, many of these studies were limited by relatively short follow-up
durations, making it difficult to assess the long-term durability of nonfusion constructs.
Additionally, radiographic confirmation of instrumentation status at final follow-up was
not consistently described. Evidence regarding IRC-free survival and associated risk factors
in patients undergoing nonfusion surgery remains limited, particularly in those with longer
life expectancy.

The current study aims to investigate the incidence of and risk factors for IRCs after
posterior fixation without fusion in patients with MSTs. To evaluate long-term construct
durability, we included a relatively large cohort of patients whose radiographic follow-up
was available for at least 12 months after surgery.

2. Materials and Methods
2.1. Study Design

This study was a single-center, retrospective study performed using medical records.
A total of 278 patients underwent surgical treatment for MSTs between 2005 and 2018. The
main reasons for surgery in this group were severe axial pain with or without radiating pain
or neurologic deficit. Decisions about whether to pursue surgical treatment and regarding
which surgical option were made following a full discussion amongst the spine tumor
board composed of medical oncologists, radiation oncologists, and spine surgeons.

To ensure consistency in the surgical technique analyzed, we first limited the cohort to
those with thoracic or lumbar MSTs treated using pedicle screw fixation. This anatomical
restriction excluded 51 patients with cervical or sacral lesions. Among the remaining
227 patients, 75 patients survived for more than one year based on their date of death or
last follow-up visit. Among these, only those with radiographic follow-up—either plain
radiographs or computed tomography (CT) scans—available at 12 months postoperatively
were included.

CT imaging was not routinely performed but was included if chest or abdominopelvic
CT scans taken for oncologic purposes included the operated spinal levels. Based on this
criterion, 14 patients without appropriate imaging at the 12-month mark were excluded,
resulting in a final cohort of 61 patients.

2.2. Surgical Procedures

The surgeries were performed by five spine surgeons at a single institute. All surg-
eries were performed using pedicle screw-based posterior fixation without any fusion
procedures. The type of surgical procedure was determined by the spine tumor board by
considering several factors, such as the main symptom of patients, the primary tumor site,
and the location and extent of MSTs. For this study, we classified the surgical procedures
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chosen into three categories: posterior fixation without decompression, posterior fixation
with laminectomy, and posterior fixation with debulking. Although the surgical procedures
were determined variously by the surgeons, only posterior fixation was usually performed
when radiographic instability was observed and mechanical pain was the main symptom
without prominent neural compromise. In such cases, both open and percutaneous ap-
proaches were used. The choice between them was primarily guided by tumor location
and anatomical accessibility: open fixation was preferred for thoracic lesions, whereas
percutaneous fixation was more common for thoracolumbar junction and lumbar levels.
For those with acute or subacute neurologic deficits with evidence of tumor invasion to the
spinal canal, posterior fixation with laminectomy or debulking procedures were conducted.
Debulking was performed via an anterior or posterior approach in patients with more
favorable primary tumors and who were thought to be able to tolerate the aggressive
surgery. When completing vertebrectomy during debulking surgery, the vertebral body
was replaced by bone cement alone or bone cement within a mesh cage.

2.3. Outcome Measures

The main outcomes in this study were IRCs, which included screw loosening, screw
pull-out, and metal breakage (Figure 1). IRCs were determined based on follow-up imaging
at or beyond 12 months postoperatively using either plain radiography or CT imaging.
Routine radiographic surveillance was conducted at approximately 3, 6, and 12 months
postoperatively, followed by annual imaging. As in previous research, screw loosening
was defined as the presence of a radiolucent zone measuring more than 1 mm surrounding
the screw on the plain radiograph or CT scan [10]. Screw pull-out was defined as a 5°
or greater change in the angle formed by the screw direction and upper endplate. Metal
breakage was defined as any discontinuities in the implants. All imaging assessments were
performed independently by one spine surgeon and one radiologist. Discrepancies were
resolved by consensus or, when unresolved, based on the radiologist’s interpretation.

Figure 1. A plain anteroposterior (AP) radiograph (A) and coronal (B) and axial (C) CT scans of a
patient subjected to posterior fixation showing radiological signs of screw loosening, indicated by the
white arrows. Separately, plain lateral radiographs of a patient subjected to posterior fixation showing
radiological signs of screw pull-out (D), black arrowhead) and rod breakage ((E), white arrowhead).

When IRCs were observed during follow-up, an assessment of whether the pain was
aggravated or not around the time of IRC identification was completed.

Risk factors for IRCs were evaluated according to the following variables: sex, age
(<60 vs. >60 years), body mass index (<18.5, 18.5-24.9, or >25.0 kg/ m?), primary tumor
site, number of vertebrae with metastases (1, 2, or >3 vertebrae), Spinal Instability Neo-
plasm Score criteria (stable, potentially unstable, or unstable) [11], location of metastases (at
or above T10 vs. below T10), history of radiotherapy, location of the lowest instrumented
vertebra (LIV) (at or above T10 vs. below T10), preoperative and postoperative Eastern
Cooperative Oncology Group (ECOG) scale (0-2 vs. 3-4), type of surgical procedure
(posterior fixation only, posterior fixation with laminectomy, or posterior fixation with de-
bulking procedure), fixation length [number of instrumented vertebrae without metastases
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(<3 vs. >3)] [12], screw density [number of pedicle screws per number of pedicles within
the instrumented level (<0.67 or >0.67)] [13], and fixation method (open vs. percutaneous).

The presence or absence of metastases in each vertebra was primarily determined
by magnetic resonance imaging (MRI), which served as the main diagnostic modality for
evaluating tumor involvement.

2.4. Statistics

For univariate analysis, the presumed risk factors were compared in terms of IRC-
free survival between patients with and without IRCs using Kaplan-Meier survivorship
analysis with the log-rank test. Using the variables found to be significant with p-values of
less than 0.05 during univariate analysis, a multivariate analysis was performed using a Cox
proportional-hazards regression model. A forward stepwise procedure was adopted for the
multivariate analysis. The statistical analysis was performed using the Statistical Package
for the Social Sciences software program version 25.0.0 (IBM Corp., Armonk, NY, USA).
A p-value of less than 0.05 was considered to be statistically significant.

3. Results

The study cohort consisted of 61 patients (37 men and 24 women, mean age of
61.7 years). The demographic and clinical data are described in Table 1.

Table 1. Demographic data of patients.

Variable Value
Sex
Male 37 (60.7%)
Female 24 (39.3%)
Age; mean £ SD, range (years) 61.7 £10.5, 31-83
<60 22 (36.1%)
>60 39 (63.9%)
Body mass index (kg/m?)
<185 1 (0%)
18.5-24.9 38 (62.3%)
>25 22 (37.7%)
Primary tumor site
Lung 14 (23.0%)
Kidney 12 (19.7%)
Breast 8 (13.1%)
Liver 6 (9.8%)
Prostate 5 (8.2%)
Thyroid 4 (6.6%)
Colorectal 2 (3.3%)
Miscellaneous 10 (16.4%)
Number of involved vertebral bodies
1 49 (80.3%)
2 7 (11.5%)
>3 5 (8.2%)
SINS criteria *
Stable 2 (3.3%)
Potential unstable 52 (85.2%)
Unstable 7 (11.5%)
Location of metastases
At or above T10 27 (44.3%)
Below T10 34 (55.7%)
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Table 1. Cont.

Variable Value
History of radiotherapy

Yes 55 (90.2%)

No 6 (9.8%)
Preoperative ECOG scale

0-2 40 (65.6%)

34 21 (34.4%)
Postoperative ECOG scale

0-2 54 (88.5%)

34 7 (11.5%)
Location of the LIV

At or above T10 23 (37.7%)

Below T10 38 (62.3%)
Type of surgical procedure

Posterior fixation only 19 (31.1%)

Posterior fixation with laminectomy 25 (41.0%)

Posterior fixation with debulking procedure 17 (27.9%)
Fixation length t

<3 35 (57.4%)

>3 26 (42.6%)
Screw density

<0.67 24 (39.3%)

>0.67 37 (60.7%)
Fixation method

Open 46 (75.4%)

Percutaneous 15 (24.6%)

SD, standard deviation; SINS, spinal instability neoplastic score; ECOG, Eastern Cooperative Oncology Group;
LIV, lowest instrumented vertebra. * SINS 0-6 represents stable, 7-12 potential unstable, and 13-18 unstable.
t number of instrumented vertebrae without metastases.

There were no statistically significant differences in sex (p = 0.726) or age group
(p = 0.266) between the included patients (n = 61) and those excluded due to insufficient
follow-up, which was defined as either death within one year or absence of radiographic
imaging at 12 months (n = 166). However, the distribution of primary tumor types showed
a statistically significant difference (p < 0.001), suggesting that tumor biology may have
influenced patient survival or follow-up availability. Additionally, no statistically signifi-
cant differences were observed in sex (p = 1.000), age group (p = 0.250), or primary tumor
type distribution (p = 0.634) between the included patients (n = 61) and those specifically
excluded due to lack of imaging despite surviving longer than one year postoperatively
(n = 14), indicating that radiographic loss to follow-up among long-term survivors was
unlikely to have introduced meaningful selection bias.

The mean follow-up duration was 28.3 months (range: 12.0-102.6 months). At the
point of final follow-up, 29 patients remained alive. The median overall survival after
surgery was 35.6 months (95% CI, 21.2-50.0 months). Twenty-seven of these patients (44.1%)
experienced IRCs at a mean of 9.6 months after surgery (range: 1.0-38.1 months). IRCs
occurred less than one year after surgery in 19 cases and more than one year after surgery
in eight cases. The most common IRC was screw loosening (n = 22 cases). The others
included four cases of screw pull-out and one case of rod breakage. There were no cases
characterized by screw breakage. Two cases of IRCs (one of screw loosening, one of screw
pull-out) were accompanied by vertebral body fracture. Of these 27 patients with IRCs,
only three patients (two with screw loosening, one with screw pull-out) experienced pain
aggravation related to their respective IRCs. A patient with screw loosening accompanied
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by vertebral body fracture underwent cement augmentation. No revision surgeries were

performed to address any of the IRCs.

The risk factors related to IRCs were analyzed using the log-rank test of the Kaplan—

Meier survivorship analysis (Table 2).

Table 2. Factors related to IRCs by log-rank test of Kaplan-Meier survivorship analysis.

Variable No. of Patients No. of Patients with IRCs p-Value
Sex 0.733
Male 37 16 (43.2%)
Female 24 11 (45.8%)
Age (years) 0.279
<60 22 8 (35.4%)
>60 39 19 (48.7%)
Body mass index (kg/m?) 0.777
<18.5 1 0 (0%)
18.5-24.9 38 17 (44.7%)
>25 22 10 (45.4%)
Primary tumor site 0.506
Lung 14 5 (35.7%)
Kidney 12 6 (50.0%)
Breast 8 2 (25.0%)
Liver 6 2 (33.3%)
Prostate 5 2 (40.0%)
Thyroid 4 3 (75.0%)
Colorectal 2 2 (100%)
Miscellaneous 10 5 (50.0%)
Number of involved vertebral bodies 0.992
1 49 22 (44.9%)
2 7 3 (42.9%)
>3 5 2 (40.0%)
SINS criteria T 0.325
Stable 2 0 (0%)
Potential unstable 52 25 (48.1%)
Unstable 7 2 (28.6%)
Location of metastases 0.544
At or above T10 27 11 (40.7%)
Below T10 34 16 (47.1%)
History of radiotherapy 0.042 *
Yes 55 27 (49.1%)
No 6 0 (0%)
Preoperative ECOG scale 0.374
0-2 40 16 (40.0%)
34 21 11 (52.4%)
Postoperative ECOG scale 0.100
0-2 54 22 (40.7%)
3-4 7 5 (71.4%)
Location of the LIV 0.210
At or above T10 23 8 (34.8%)
Below T10 38 19 (50.0%)
Type of surgical procedure 0.073
Posterior fixation only 19 12 (63.2%)
Posterior fixation with laminectomy 25 10 (40.0%)
Posterior fixation with debulking 17 5 (29.4%)

procedure
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Table 2. Cont.

Variable No. of Patients No. of Patients with IRCs p-Value
Fixation length 0.017*
<3 35 21 (60.0%)
>3 26 6 (23.1%)
Screw density 0.027 *
<0.67 24 14 (66.7%)
>0.67 37 13 (32.5%)
Fixation method 0.074
Open 46 18 (39.1%)
Percutaneous 15 9 (60.0%)

IRC, instrumentation-related complication; SINS, spinal instability neoplastic score; ECOG, Eastern Cooperative
Oncology Group; LIV, lowest instrumented vertebra. * Indicates statistical significance (p-value less than 0.05).
t SINS 0-6 represents stable, 7-12 potential unstable, and 13-18 unstable. { number of instrumented vertebrae
without metastases.

History of radiotherapy, fixation length, and screw density were significantly associ-
ated with IRCs (p = 0.042, p = 0.017, and p = 0.027, respectively). Other variables, such as sex,
age, primary tumor type, ECOG performance status, BMI, and fixation method showed no
significant association with IRCs. A multivariate analysis using Cox proportional-hazards
regression was carried out, involving the variables found to be statistically significant
during the univariate analysis, and it revealed that only the fixation length was a signifi-
cant risk factor for IRCs (hazard ratio: 0.358, 95% CI: 0.144-0.888; p = 0.027). The median
IRC-free survival was 38.1 months (range: 1.0-102.6 months) (Figure 2).

100%

75%

50%

Survival probability

25%

0%

0 12 24 36 48 60 72 84 96
IRC-free survival (Months)

Number at risk

All 61 42 17 7 2 1 1 1 1

0 12 24 36 48 60 72 84 96
IRC-free survival (Months)

Figure 2. Kaplan—-Meier survivorship curve showing instrumentation-related complication-free
survival probability for all patients (n = 61).

There was a significant difference in the median IRC-free survival according to the
fixation length (15.6 months for a fixation length of less than three vertebrae vs. not reached
for a fixation length of three or more vertebrae; p = 0.017, log-rank test) (Figure 3).

There was a significant difference in the incidence of IRCs according to the fixation
length when the location of the LIV was at or above T10 (8.3% for fixation length < 3 vs.
63.6% for fixation length > 3, p = 0.007) (Table 3).
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100%

~+ Fixation length < 3
-+ Fixation length = 3

75%

50%

Survival probability

25% *
p=0017

0%

0 12 24 36 48 60 72 84 96
IRC-free survival (Months)

Figure 3. Kaplan—-Meier survivorship curve showing instrumentation-related complication-free
survival fraction according to the fixation length.

Table 3. Incidence of IRCs with combination of fixation lengtht and location of the LIV.

Location of the LIV
p-Value
At or Above T10 Below T10
Fixation length t <3 7/11 (63.6%) 14/24 (58.3%) 0.770
Fixation length t >3 1/12 (8.3%) 5/14 (35.7%) 0.005 *
p-value 0.007 * 0.105

IRC, instrumentation-related complication; LIV, lowest instrumented vertebra. * Indicates statistical significance
(p-value less than 0.0083) by Mann-Whitney U test. t+ number of instrumented vertebrae without metastases.

3.1. Illustriative Cases
3.1.1. Case 1

The first patient was a 58-year-old man who was diagnosed with T7 metastasis associ-
ated with non-small-cell lung cancer (Figure 4). The T7 metastasis resulted in mechanical
back pain. The patient underwent T7 laminectomy and fixation from T6 to T8. Postopera-
tively, his back pain improved. However, at approximately 12 months after surgery, screw
loosening occurred without pain aggravation. At the last follow-up visit (5.8 years after
surgery), the patient reported experiencing no significant back pain.

|

Figure 4. Illustrative case 1. A 58-year-old man was diagnosed with non-small-cell lung cancer
metastasis to T7. The patient suffered from mechanical back pain. (A) Preoperative T1-weighted
enhanced magnetic resonance imaging (MRI) and axial CT scans revealed T7 metastasis. (B) At three
months after laminectomy with posterior fixation at T6 to T8, his back pain had improved. (C) Screw
loosening occurred without pain aggravation approximately 12 months after the operation.
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3.1.2. Case 2

The second patient was a 60-year-old man who was diagnosed with T12 metastasis
associated with non-small-cell lung cancer (Figure 5). The patient had a history of palliative
radiotherapy for thoracolumbar spinal metastases (two months prior). The spinal metas-
tasis resulted in right buttock pain that did not subside after the palliative radiotherapy.
After laminectomy and fixation from T10 to L2, the buttock pain improved and the patient
could walk for an hour. There was no evidence of IRCs at the last follow-up visit (1.5 years

after surgery).

Figure 5. Illustrative case 2. A 60-year-old man was diagnosed with non-small-cell lung cancer
metastasis to T12. The patient suffered from buttock pain. (A) Preoperative T2-weighted MRI and CT
scans revealed T12 metastasis. (B) At two weeks after laminectomy with posterior fixation from T10
to L2, the buttock pain improved. (C) At the last follow-up, 18 months after the operation, there was
no evidence of instrumentation-related complications.

4. Discussion

Obtaining solid bony fusion following instrumentation is considered essential for
nononcologic patients to achieve increased construct longevity and better outcomes [5,14].
When spinal fusion is not performed after spinal instrumentation, the risk of developing
IRCs increases [15,16]. IRCs, including screw loosening, screw pull-out, and metal breakage,
are associated with fatigue on the instrumentation [17]. After spinal fixation, the micromo-
tion within fixed segments exerts repetitive loading on instrumentation [18]. If the fusion
procedure is not performed or if solid fusion is not obtained after the fusion procedure, the
fatigue applied to the instrumentation accumulates over time and the risk of IRCs increases.
Mohi et al. reported that most cases of instrumentation failure occurred before obtaining
solid bony fusion [17]. However, fusion procedures can be difficult to perform, and solid
bony fusion can be difficult to obtain after the fusion procedure in many patients with
MSTs [7]. A longer operation time is necessary, with more bleeding associated with the
decortication procedure, and greater costs are associated with the fusion materials [18,19].
Therefore, there is controversy as to whether fusion should be performed in patients with
MSTs [8]. Recent studies have reported that satisfactory results after fixation-only surgery
can be achieved [7-9,20].

The survival of patients with MSTs varies according to several factors including
primary tumor, performance status, and the number of visceral metastases [21]. Chang et al.
observed that patients with MSTs survived more than three years after spinal metastases
were diagnosed [22]. Shehadi et al. reported that the median survival after the first
surgery in patients with MSTs from breast cancer, who are known to have good prognoses,
was 21 months (95% CI: 16-27 months) [23]. As systemic treatment has developed, the
survival of patients with MSTs has lengthened [1,24], and further studies are required
to evaluate whether nonfusion fixation surgery can provoke longevity in patients with
MSTs. To evaluate the usefulness of nonfusion surgery as an alternative to fusion surgery, a
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follow-up period of at least one year, which is longer than the period necessary to achieve
solid fusion [25], is required.

In the current study, IRCs occurred in 27 of 61 patients (44.1%) during the mean
follow-up period of 28.3 months. Among these, screw loosening was the most common
(n =22 cases). Previous studies have reported that patients with spinal metastases tend
to have higher rates of IRCs compared to those with degenerative spinal disorders. This
increased risk is believed to be attributable to poor bone quality, systemic disease burden,
and the effects of adjuvant therapies such as radiotherapy and chemotherapy. While the
reported incidence of IRCs in degenerative spine disease ranges from 0.85% to 10.4% [26,27],
studies in metastatic spine tumor patients have shown a higher incidence, typically ranging
from 10% to 40% [8,28]. Our findings are consistent with this trend, demonstrating a
relatively high frequency of IRCs in this patient population. When comparing the incidence
of IRCs between the early (2005-2012) and late (2013-2018) periods, no significant difference
was observed (46.2% vs. 43.8%). In a previous study, we reported nine cases (6.4%) of
IRCs in 140 operations and three cases (2.2%) of symptomatic IRCs in 136 patients during
a mean follow-up period of 16.5 months [9]. Drakhshandeh et al. reported zero cases of
IRCs in 27 patients during a mean follow-up period of 12.2 months [8]. There were reasons
for why the incidence of IRCs in the present study was much higher than that in previous
studies. First, our present study had a longer mean follow-up period relative to those of
other studies. Second, the definition of IRCs varied. Drakhshandeh et al.’s study did not
include screw loosening in the definition of IRCs. In the current study, the number IRCs
excluding screw loosening totaled five cases (8.1%), which is not significantly different
from those reported in previous studies. Of the 61 patients in the current study, three (4.9%)
experienced pain related to IRCs at a mean of 4.3 months after surgery, although only one
patient (1.6%) underwent intervention via cement augmentation. Despite the majority of
the IRCs being asymptomatic, initial instrumentation was considered necessary to achieve
spinal stability and prevent neurologic deterioration in this vulnerable patient population.
Amankulor et al. reported nine cases of symptomatic IRCs in 318 patients and a median
of 39.9 months of IRC-free survival [28]. Even though the follow-up period of our study
was longer than that of other studies, it was not significantly different when compared
to previous studies. The median IRC-free survival period was 38.1 months, whereas the
median overall survival period was 35.6 months. Even the median overall survival period
after surgery in our study was longer than in previous studies [22,23], while the median
IRC-free survival length exceeded the median overall survival length. This suggests the
longevity of fixation surgery without fusion in patients with MST.

In our study, the primary risk factor for IRCs was fixation length, which was defined as
the number of instrumented vertebrae without metastases, because the number of vertebrae
with metastases also affected the construct length. When one-above and one-below pedicle
screw fixation over vertebrae with metastases was performed, the fixation length was two.
A fixation length of three or more vertebrae significantly decreased the risk of IRCs. The
long fixation length increased the stability in the spinal column, while the short fixation
length increased the construct failure and loss of correction [29]. Amankulor et al. reported
that construct length was one of the risk factors for IRC onset after surgery in patients with
MSTs [28].

Although adopting a long fixation length reduces the risk of IRCs, it has several
disadvantages. For example, it loses more motion segments, affects adjacent segments
with larger bending moments, and necessitates more operation time to complete. Since the
thoracic spine has more stiffness than the lumbar spine because of the presence of the rib
cage [30], the adequate fixation length will vary depending on the location of the construct.
In the current study; if the fixation length was three or more vertebrae, the incidence of
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IRCs was decreased relative to when the fixation length was less than three vertebrae,
regardless of the location of the LIV. However, when the fixation length was three or more
vertebrae, the incidence of IRCs was significantly smaller when the LIV was located at
or above T10. The incidence of IRCs might be decreased in the thoracic region because
the thoracic spine achieves less bending movements due to the presence of the rib cage.
McLain et al. reported that the involvement of a long fixation construct has an advantage
in the thoracic area, whereas shorter fixation constructs have an advantage in the lumbar
area [31].

Several limitations should be acknowledged. The small sample size and retrospective
design limit the statistical power of the study and introduce a potential risk of information
bias. Additionally, this study may have overestimated the overall survival and IRC-free
survival, as patients with less than one year of follow-up were excluded. This exclusion
was intentional, as our primary aim was to assess the long-term mechanical durability
of nonfusion constructs. Early postoperative complications may be affected by systemic
factors such as disease progression or surgical complexity rather than construct mechanics.
Including patients who died early may have introduced confounding factors unrelated
to implant performance. The radiographic evaluations were not standardized, with both
plain radiographs and CT scans used. Notably, the IRCs may have been underestimated
because CT imaging is less sensitive than plain radiography for detecting screw loosen-
ing [32]. Although bone mineral density (BMD) was not routinely measured in the included
patients and therefore not analyzed, it may influence the risk of instrumentation-related
complications. We acknowledge the absence of BMD data as a limitation. Likewise, sys-
temic treatments such as bisphosphonates, immunotherapy, or targeted therapy were not
specifically considered in the analysis. Although these therapies can potentially affect bone
healing and implant stability, detailed treatment data were not uniformly available in the
medical records. We acknowledge this as another limitation of our study. Furthermore,
cement augmentation, or kyphoplasty, was not performed in any of the included cases.
Considering the relatively high incidence of IRCs such as screw loosening, these adjunctive
procedures may have provided additional construct stability. Their potential role should
be explored in future studies, particularly in patients with compromised bone quality.
Likewise, spinal alignment was not independently analyzed as a variable; however, it may
have been indirectly accounted for through the SINS criteria, which include components re-
lated to deformity. Implant size, particularly screw diameter, was not statistically assessed,
although the largest possible pedicle screws were used intraoperatively based on surgeon
judgment. Furthermore, this study focused solely on radiographic outcomes and did not
include data on clinical outcomes. Finally, because patients who underwent fusion with
instrumentation were not included, a direct comparison between nonfusion and fusion
surgery was not possible.

Given that the mean IRC-free survival was 9.6 months and that most of the IRCs oc-
curred within the first postoperative year, we recommend routine radiographic surveillance
at 3, 6, and 12 months postoperatively, followed by annual imaging. If IRC is identified
at 6 months or if symptoms are present, interim imaging at 9 months may be beneficial to
monitor progression or symptom correlation.

5. Conclusions

The current study reported that IRCs were frequent but mostly asymptomatic follow-
ing posterior fixation without fusion in patients with MSTs followed up for at least one
year. The IRC-free survival was long enough considering the actual survival of patient.
Longer fixation lengths of three or more vertebrae reduced IRCs regardless of the MST
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location, but the IRCs were more significantly reduced when the location of the LIV was at
or above T10.
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Abstract: Background/Objectives: The aim of this study was to evaluate whether the use
of BioGlue® increases the risk of postoperative mass formation and subsequent spinal canal
invasion after intradural spinal tumor surgery. Methods: After retrospectively reviewing
patients who underwent intradural tumor surgery from 2018 to 2023, we evaluated mass
formation as detected in postoperative MRI according to the Epidural Spinal Cord Compres-
sion (ESCC) grade. Patients were divided into two groups based on the use of BioGlue®,
and we analyzed MRI postoperatively to compare the differences in ESCC grades and the
incidence of symptomatic spinal canal invasion between the two groups. Additionally, we
performed a logistic regression analysis to identify risk factors associated with mass forma-
tion and to explore their relationship with BioGlue®. Results: This study included a total of
153 patients, 87 in the BioGlue® and 66 in the non-BioGlue® groups. In the BioGlue®
group, 18 patients had ESCC grade 2, and 11 had grade 3. Conversely, in the non-BioGlue®
group, only 8 patients had ESCC grade 2, and none had grade 3 (p = 0.001). Among the
cases of symptomatic spinal canal invasion, all five cases were identified in the BioGlue®
group (p = 0.001). Both univariate and multivariate analyses showed that BioGlue® was
a significant risk factor for spinal canal invasion (univariate: OR = 3.931, p = 0.005, multi-
variate: OR = 3.812, p = 0.003). Conclusions: Our findings indicated that BioGlue® was a
significant risk factor for mass formation aggravating spinal canal invasion after intradural
tumor surgery.

Keywords: cerebrospinal fluid leak; intradural spinal cord tumor; spinal canal invasion;
BioGlue®

1. Introduction

BioGlue® (CryolLife, Atlanta, GA, USA) is a surgical sealant consisting of bovine
serum albumin and glutaraldehyde (BSAG) that polymerizes within 20 to 30 s when
mixed. A common adjunct to achieve hemostasis during the surgical repair of large vessels
such as the aorta, femoral, and carotid arteries [1,2], BioGlue® is also frequently used
in off-label applications in neurosurgery to prevent cerebrospinal fluid (CSF) leakage.
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This has been supported by several reports discussing its effectiveness in CSF leakage
repair [3-6]. However, the product has yet to receive official, full approval for such
use [3,7,8], mainly due to concerns about mass effects, neurotoxicity, and infection [9-11].
Reports in the Manufacturer and User Facility Device Experience (MAUDE) databases
have routinely documented mass effects associated with BioGlue® used in dural repairs.
While a few case reports exist on the side effects of BioGlue® as a dural sealant [5,12,13], a
more comprehensive, systematic study is yet to be published. Moreover, in South Korea,
BioGlue® is covered by insurance to prevent CSF leakage in neurosurgical procedures. Thus,
we aimed to assess the potential risks associated with the use of BioGlue®, particularly
its relationship with spinal canal invasion and neurological deterioration. We compared
radiologic and surgical outcomes between BioGlue® and non-BioGlue® groups to identify
its adverse effects in spine surgery.

2. Materials and Methods

This study was approved by the Institutional Review Board (IRB, No. 2023-1613),
ensuring compliance with ethical standards. Given the retrospective nature of the study,
the IRB waived the requirement for informed consent.

2.1. Study Design and Participants

We retrospectively reviewed 250 patients who received intradural spinal cord tumor
removal surgery from March 2018 to January 2023 and selected 153 after excluding those
with any of the following: (1) epidural spinal cord tumor surgery without durotomy, (2) re-
vision surgery, (3) procedure other than laminoplastic laminotomy, and (4) no postoperative
MRI or insufficient medical record.

2.2. Surgical Procedures

We performed laminoplastic laminotomy at the surgical level on the spinal cord tumor
(Figure 1A) and midline durotomy to expose the spinal cord tumor (Figure 1B). After
removing the spinal cord tumor, we closed the dura using Prolene 5-0 and 6-0 sutures
(Figure 1C), and the lateral side dura defect from the inside in the same manner after
removing a dumbbell-shaped schwannoma. Moreover, we selectively applied adjunctive
materials such as a collagen patch (TachoComb®; Baxter, Inc., Deerfield, IL, USA) or
non-soluble glue (BioGlue®) based on the surgeon’s decision. In cases, we selectively
used either BioGlue® or TachoComb®. However, in instances of durotomy involving
more than two levels or a weak dura, we employed both products (Figure 1D). To avoid
postoperative mass effects, we applied a 1 mm-thin layer of BioGlue® to the epidural
space as recommended in a previous study [14] (Figure 1E). Finally, we performed the
Valsalva maneuver to screen for unresolved CSF leakage and laminoplasty, followed by
layer-by-layer muscle and skin closure using Vicryl and nylon.

2.3. Postoperative Follow-Up

In the postoperative state, patients were encouraged to start ambulation on the day
after surgery. A follow-up MRI was performed within one week postoperatively to screen
for any abnormal findings, such as residual tumor or CSF leakage. If nothing specific was
detected on the postoperative MRI and signs of infection or wound dehiscence were not
found, the patients were discharged and asked to revisit the outpatient clinic in a month.
After confirming the pathology, the follow-up plan for the patients was established. If
confirmed as a benign tumor, a follow-up MRI was planned three years after surgery. If
diagnosed as a malignant tumor, short-term follow-up with adjuvant therapy such as ra-
diotherapy or chemotherapy was scheduled. During the follow-up period, revision surgery
was performed if postoperative complications such as CSF leakage, wound infection, or
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neurologic deterioration—such as motor weakness due to a mass formation invading the
spinal canal found in follow-up MRI—occurred.

Figure 1. Surgical procedure for spinal cord tumor surgery. Surgical laminectomy or laminoplastic
laminotomy was performed at the spinal cord tumor (A), and midline durotomy was performed to
expose the spinal cord tumor (B). After spinal cord tumor resection, dura was closed using Prolene
5-0 and 6-0 sutures (C), and adjunctive materials such as a collagen patch (TachoComb®; Baxter, Inc.,
IL, USA) or non-soluble glue (BioGlue®) were applied selectively (D). A 1 mm-thin layer of BioGlue®
was applied to the epidural space as recommended in a previous study to avoid any post-operative
mass effect [14] (E). Then, laminoplasty was performed depending on the surgical plan, followed by
layer-by-layer muscle and skin closure using Vicryl and nylon.

2.4. Radiological Analysis

By examining the postoperative MRI of the 153 enrolled patients, we revealed that
spinal canal invading lesions appeared as a low signal on T2 images. While the epidural
lesions could initially be considered as hematomas in the postoperative state, hematomas
were isodense on T2 MR images, gradually becoming hypointense and then hyperintense
after one week in the hyperacute stage [15,16]. On the other hand, epidural compressing
lesions found as hypointense on T2 MR images in this study remained in a follow-up
MRI conducted a few months after surgery, suggesting they were not simple hematomas.
Additionally, BioGlue® is known to manifest a low signal in T2 MR images [17,18]. Hence,
it was assumed that a mass displaying low signal intensity in a T2 MR image was directly
correlated with the effects of BioGlue®.

The postoperative MRI results were classified based on the Epidural Spinal Cord
Compression (ESCC) grading system, originally designed to differentiate the extent of
cord compression in metastatic spine tumors to guide surgical intervention [19]: grade 1
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with epidural extension without cord compression; grade 2 with spinal cord compression
and visible CSF around the spinal cord; and grade 3 with spinal cord compression and no
visible CSF near the spinal cord. The patients were categorized into the BioGlue® and the
non-BioGlue® groups, depending on the post-dural suture use of BioGlue®, to compare
the incidences of ESCC grades.

2.5. Postoperative Complication Analysis

Postoperative complications requiring revision surgery were collected and classified
into the BioGlue® and non-BioGlue® groups to analyze the relationship between the
incidence of revision surgery and the use of BioGlue®.

2.6. Analysis of ESCC Grades 2 and 3 Risk Factors

To diversify our perspectives, we also analyzed numerous risk factors for spinal canal
invasion with ESCC grades 2 and 3, including age, sex, type of operation, surgical location,
surgical level, and the use of BioGlue® or Tachocomb®, as well as the relationship between
these factors and ESCC grades 2 and 3.

2.7. Statistical Analysis

Simple t-tests to compare the BioGlue® and non-BioGlue® groups were conducted
using SPSS version 20.0 (IBM, Chicago, IL, USA), with statistical significance set at p < 0.05.
Logistic regression was conducted to generate estimates of odds ratios (OR) and 95%

confidence intervals (Cls) to examine the relationship between the investigated risk factors
and ESCC grades 2 and 3.

3. Results
3.1. Demographics

Table 1 presents the demographic data of the enrolled patients categorized into
three groups stratified by ESCC grade. The ESCC grade 1 group had 116 patients, with
51 men (43.9%) and a mean age of 52.8 + 16.4. The ESCC grade 2 group had 26 pa-
tients, with six men (23.1%) and a mean age of 53.2 + 16.6. The ESCC grade 3 group
had 11 patients, including five men (45.4%) and a mean age of 52.9 £ 16.4. Among the
116 ESCC grade 1 patients, 25 (21.5%) were diagnosed with meningioma, 63 (54.4%) with
schwannoma, and 13 (11.2%) with ependymoma. Among the 26 ESCC grade 2 patients,
8 (30.7%) were diagnosed with meningioma, 10 (38.4%) with schwannoma, and 6 (23.1%)
with ependymoma. Among the 11 ESCC grade 3 patients, 3 (27.3%) were diagnosed
with meningioma, 4 (36.3%) with schwannoma, and none (0%) with ependymoma. The
three groups showed no statistically significant difference in tumor type (p = 0.272).

Next, 29 (25%) patients had a cervical level, 49 (42.2%) a thoracic level, and 38 (32.8%)
a lumbosacral level spinal cord tumor in the ESCC grade 1 group; 13 (50%) patients
had a cervical level, 10 (38.4%) a thoracic level, and 3 (11.6%) a lumbosacral level spinal
cord tumor in the ESCC grade 2 group; and 5 (45.4%) patients had a cervical level, 4
(36.3%) a thoracic level, and 2 (18.3%) a lumbosacral level spinal cord tumor in the ESCC
grade 3 group, proving no statistically significant difference between the three groups
(p=0.141).

A total of 26 (22.4%) patients had one level surgery, 71 (61.2%) two levels, and 19
(16.4%) three levels or more in the ESCC grade 1 group; 1 (3.9%) patient had one level
surgery, 13 (50%) two levels, and 12 (46.1%) had three levels or more in the ESCC grade 2
group; and 3 (27.3%) patients had one level surgery, 5 (45.4%) two levels, and 3 (27.3%) had
three levels or more in the ESCC grade 3 group, also confirming no statistically significant
difference between the three groups (p = 0.761).
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Table 1. Demographics of patients who underwent intradural tumor surgery stratified by

ESCC Grade.
ESCC Grade p-Value
Grade 1 Grade 2 Grade 3
(n =116) (n =26) (n=11)
Age (yrs) 52.8 +16.4 53.2 + 16.6 529 + 16.4 0.392
Sex 0.923
male 51 (43.9) 6(23.1) 5 (45.4)
Pathology 0.272
Meningioma 25 (21.5) 8 (30.7) 3(27.3)
Schwannoma 63 (54.4) 10 (38.4) 4 (36.3)
Neurofibroma 2(1.7) 0 (0) 1(9.1)
Ependymoma 13 (11.2) 6 (23.1) 0(0)
Glioma 2 (1.7) 0 (0) 1(9.1)
Hemangiobloastoma 3(2.6) 0(0) 0(0)
Cavernous malformation 2(1.7) 0(0) 0 (0)
Metastasis 3(2.6) 1(3.9) 1(9.1)
Others 3(2.6) 1(3.9) 1(9.1)
Tumor location 0.141
Cervical 29 (25) 13 (50) 5(45.4)
Thoracic 49 (42.2) 10 (38.4) 4 (36.3)
Lumbosacral 38 (32.8) 3(11.6) 2 (18.3)
Operation level 0.761
1 level 26 (22.4) 1(3.9) 3(27.3)
2 levels 71 (61.2) 13 (50) 5(45.4)
>3 levels 19 (16.4) 12 (46.1) 3(27.3)
Use of Bioglue® 58 (50) 18 (69.2) 11 (100) 0.001 ***
Use of TachoComb® 107 (92.2) 24 (92.3) 9 (81.8) 0.240

ESCC grade: epidural spinal cord compression scale; others included chordoma, neuroenteric cyst, hemangioma,
benign cyst, granulation, atypical lymphocyte; *** p < 0.001.

Finally, 107 (92.2%) patients in ESCC grade 1 groups, 24 (92.3%) in grade 2 groups, and
9 (91.8%) in grade 3 groups used TachoComb®, which revealed no statistically significant
difference (p = 0.240). However, 58 (50%) patients in the ESCC grade 1 groups, 18 (69.2%)
in ESCC grade 2 groups, and 11 (100%) in ESCC grade 3 groups used Bioglue®, which
revealed a statistically significant difference between the three groups (p = 0.001).

3.2. ESCC Grade Analysis

A comparison of the postoperative MRIs of the BioGlue® and non-BioGlue® groups
using the ESCC grade scale demonstrated that 58 patients (66.7%) in the BioGlue® group
had grade 1, 18 (20.7%) had grade 2, and 11 (12.6%) had grade 3, while 58 patients (87.9%)
in the non-BioGlue® group had grade 1, 8 (12.1%) had grade 2, and no patient had grade 3.
This confirmed a statistically notable difference between the two groups (p value = 0.001)
(Table 2).

Table 2. ESCC grade and complications in the BioGlue® and non-BioGlue® groups.

BioGlue® Non-BioGlue® Value
(n =87) (n = 66) P
ESCC Grade 0.001 ***
grade 1 58 (66.7) 58 (87.9)
grade 2 18 (20.7) 8 (12.1)
grade 3 11 (12.6) 0(0.0)
Symptomatlc spinal canal 5(5.7) 0(0.0) 0.001 ***
invasion
CSF leakage 1(1.1) 0(0.0) 0.080

ESCC grade: epidural spinal cord compression scale; CSF: cerebrospinal fluid leakage; *** p < 0.001.
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3.3. Review of Revision Cases

Out of the 153 enrolled patients, a total of seven cases required revision surgery due
to postoperative complications at the surgical site (Table 3). Among them, five cases were
correlated with delayed mass formation aggravating spinal canal invasion. A 50-year-old
female patient was diagnosed with an intradural spinal cord tumor at the C5-6 level
(Figure 2A) and underwent laminoplastic laminotomy at C5-6 with resection of the in-
tradural spinal cord tumor. Postoperative MR revealed no residual tumor (Figure 2B), and
pathology confirmed the tumor as a neurofibroma. Two months postoperatively, the patient
experienced weakness in all four extremities, and a follow-up MRI confirmed a severe cord
compressing lesion (Figure 2C), leading to her readmission for further evaluation. Initially,
a laboratory study was conducted under the suspicion of a postoperative abscess, but it
found no clinical signs or lab abnormalities suggesting an infection; ultimately, a diagnostic
revisional surgery was performed. During the revision surgeries, a mass compressing
the spinal cord was identified, accompanied by a yellowish fluid inside with moderate to
severe spinal cord adhesions (Figure 2D). However, culture studies of the yellowish fluid in
the postoperative state did not detect any specific bacteria or signs of infection (Figure 2E).
Furthermore, no white blood cells or epithelial cells were detected in the sample. In four
other patients, postoperative neurological deterioration was observed, with mass formation
invading into the spinal canal identified in their follow-up MRI, ranging from POD 1 to
8 months, prompting revision surgeries. All five cases belonged to the BioGlue® group.

Table 3. Revision cases due to complications.

No. Age Sex Diagnosis Operation  BioGlue® Complication

1 56 M Schwannoma LP L1 Yes POD 1 mo MRI compression lesion

5 30 F Schwannoma LP L5 Yes POD 4 mo progressing motor. weakness,
MRI compression lesion

3 38 F Meningioma LP, C3-6 Yes POD 1 mo progressing motor weakness,
MRI compression lesion

4 50 F Neurofibroma  LP, C5-6 Yes POD 2mo progressing motor weakness,
MRI compression lesion

5 63 F Meningioma LP, C5.7 Yes POD 8 mo progressing motoy weakness,
MRI compression lesion

6 80 M Schwannoma LP, S1 Yes CSF leakage

POD 3 d NOAC restart due to pulmonary
7 76 F Meningioma LP, 51 Yes embolism, and subsequent postoperative

epidural hematoma

LP: Laminoplasty; POD: postoperative date; NOAC: non-vitamin K antagonist oral anticoagulants.

Additionally, one patient in the BioGlue® group had a follow-up MRI confirming
operative site bulging and CSF leakage. Another case involved a postoperative pulmonary
embolism; non-vitamin K antagonist oral anticoagulants (NOAC) were started on day three
after surgery. Neurological deterioration and hematoma were identified on follow-up MRI,
necessitating revision surgery.
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Figure 2. Representative cases of symptomatic cord compression and revision surgery. A 50-year-old
female patient was diagnosed with an intradural spinal cord tumor at C5-6 level (A) and underwent
laminoplastic laminotomy at C5-6 with resection of the intradural spinal cord tumor. Postopera-
tive MR revealed no residual tumor (B), and pathology confirmed the tumor as a neurofibroma.
Two months postoperatively, the patient experienced weakness in all four extremities, and a follow-
up MRI confirmed a severe cord compressing lesion (C), leading to her readmission for further
evaluation. Initially, a laboratory study was conducted under the suspicion of a postoperative abscess,
but it found no clinical signs or lab abnormalities suggesting an infection. Ultimately, diagnostic
revisional surgery was performed. During the revision surgeries, a mass compressing the spinal cord
was identified, accompanied by yellowish fluid and moderate to severe spinal cord adhesions (D).
However, culture studies of the yellowish pus in the postoperative state did not detect any specific
bacteria or signs of infection (E), discontinuing the empirical antibiotics used initially.

3.4. Analysis of Revision Cases

In the seven revision cases, five were confirmed mass formations invading the spinal
canal at least one month after surgery, with hematoma ruled out. These were categorized
as the symptomatic spinal canal invasion group. They were further divided into BioGlue®
and non-BioGlue® groups and underwent a simple t-test, which showed a statistically
significant difference (p = 0.001) between the two groups. However, no statistically notable
difference was found (p = 0.080) when the CSF leakage case was compared between the
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two groups (Table 2). Importantly, all seven revision surgeries occurred exclusively in the
BioGlue® group. While only five of these were directly attributable to BioGlue®-associated
mass formation, and the hematoma case was likely unrelated to BioGlue® use, the exclusive
occurrence of all revision cases within the BioGlue® cohort may still warrant caution and
further investigation regarding its clinical safety profile in intradural tumor surgery.

3.5. Logistic Regression Analysis for Risk Factors of ESCC Grades 2 and 3

We divided the 153 enrolled patients into ESCC grade 1, 2, and 3 groups to analyze
the relationship between BioGlue® and ESCC grades from a different perspective. The
univariate logistic analysis for ESCC grades 2 and 3 revealed that the use of BioGlue® had
an OR of 3.931 with a p-value of 0.005, while Tachocomb® was not statistically significant
with a p-value of 0.685. Furthermore, the cervical location was associated with an OR of
3.524 and a p-value of 0.047. A multivariate analysis was conducted on the categories with
significant p-values and ORs in the univariate analysis, demonstrating an OR of 3.812 with
a p-value = 0.003 for BioGlue®. On the other hand, cervical and thoracic locations had ORs
less than 1, which was contrary to that observed in the univariate analysis: cervical location
showed an OR of 0.196 with a p-value of 0.005, and thoracic location had an OR of 0.394
with a p-value of 0.107 (Table 4).

Table 4. Logistic regression analysis for ESCC Grades 2 and 3.

Variables Univariable Analysis Multivariable Analysis

OR 95% CI p-Value OR 95% CI p-Value

Age (Ref.: below 70)

>70 2.571 0.907-7.290 0.076

Sex (Ref.: Female)

Male 2.060 0.815-5.209 0.127

Location (Ref.: Lumbosacral)

Cervical 3.524 1.018-12.197 0.047 * 0.196 0.063-0.610 0.005 *

Thoracic 1.764 0.505-6.164 0.374 0.394 0.127-1.224 0.107

Levels (Ref.: 1 level)

2 levels 1.225 0.341-4.395 0.756

>3 levels 3.176 0.791-12.745 0.103

Use of BioGlue® 3.931 1.514-10.212 0.005 ** 3.812 1.570-9.258 0.003 **

Use of TachoComb® 1.340 0.327-5.499 0.685

ESCC grade: epidural spinal cord compression scale; OR: odds ratio; CI: confidence intervals; Ref: reference;
*p < 0.05; ** p < 0.005.

4. Discussion

This study identified a significant association between the use of BioGlue® and in-
creased rates of postoperative mass formation, spinal canal invasion, and higher ESCC
grades. Among 153 patients, most ESCC grade 2 or 3 cases were found in the BioGlue®
group (Table 2). Notably, all five patients who underwent revision surgery for symptomatic
spinal canal invasion belonged to the BioGlue® group (Table 3), and logistic regression
analysis further confirmed BioGlue® as an independent predictor of higher ESCC grade
(Table 4). These findings suggest that BioGlue® may contribute to a clinically significant
mass effect following intradural tumor surgery.

Figure 2 presents a representative case in which a mass lesion persisted up to 9 months
postoperatively and required surgical re-exploration. The lesion was clearly distinct from
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hematoma or tumor recurrence, and its MRI signal characteristics were consistent with pre-
viously reported BioGlue®-associated granulomas, or “Gluomas” [12]. Although causality
cannot be definitively established, the consistency of imaging features, surgical findings,
and their concordance with prior literature provides strong circumstantial evidence sup-
porting this association.

Although all surgeries were performed by a single surgeon using a standardized thin-
layer application technique in accordance with published guidelines [14], mass formation
still occurred in some patients. Intraoperative findings and negative culture results ruled
out infectious etiologies in these compressive lesions, suggesting an alternative mechanism.
This discrepancy between intended technique and adverse outcomes implies that factors
beyond surgical application—such as localized anatomical constraints, pooling of adhesive,
or individual tissue responses—may contribute to delayed BioGlue®-associated spinal
canal invasion.

Widely used in cardiac surgery [1,2], BioGlue® has been extensively adopted in
neurosurgery, including both cranial and spinal procedures, despite the manufacturer
not providing assurances for its safety in spine surgery [4,6]. Various studies, including
those by Miscusi et al., have concluded that BioGlue® in spine surgery is an effective
adjunct to immediate dural repair in non-instrumented spinal surgery [3]. Its efficacy and
safety were comparable to those of other sealants, potentially decreasing the incidence of
associated short- and long-term complications. Yuen et al. reported a case demonstrating
the persistence of BioGlue® at the repair site two years after its successful use in aiding
dural closure during a lumbar decompressive procedure [5]. However, postoperative cases
of gluoma formation causing a mass effect have also been reported. Rasul et al. described
two cases where the use of BioGlue® caused a local reaction, forming a granuloma that
led to cord compression several years after surgery [12]. Nonetheless, aside from such
individual case reports, no case series or systematic research on this topic is available.
Considering the factors mentioned above, our study is valuable in that it examines the
long-term impacts of using BioGlue® and determines whether its application post-dural
closure may cause spinal cord compression and neurological decline.

A previous study recognized BioGlue® as a low signal intensity on T2 MR images, thus
differentiable from the CSF or other structures [17]; this aligned with our study findings
that lesions caused a mass effect on the follow-up MRIs. However, the MRI findings for
ESCC grade 2 or higher in the non-BioGlue® group were not clearly differentiated, posing
difficulties in attributing the lesion to BioGlue®. While the epidural compressing lesions
observed were likely to be hematomas in the non-BioGlue® group, they were not distinctive
from BioGlue® in MRI.

Univariate logistic regression analysis also confirmed that surgery at a cervical location
was associated with higher-grade ESCC. Such a relationship may be due to the smaller
spinal canal in this region compared to the thoracic or lumbar levels, leading to more
significant cord compression for the same mass effect [20-23]. Interestingly, this associa-
tion was reversed in the multivariate analysis, where cervical location appeared to be a
protective factor. While the application technique of BioGlue® was consistent across cases
due to the use of a standardized thin-layer method by a single surgeon, we hypothesize
that anatomical and procedural differences may account for this finding. Specifically, in
cervical cases where laminoplasty was performed, the smaller size of cervical laminae and
their reattachment with plates may have resulted in a relatively larger reconstructed spinal
canal compared to thoracolumbar laminectomy. This increased canal dimension may have
attenuated the mass effect of BioGlue®, resulting in a lower ESCC grade.

BioGlue® is known to cause toxic effects and wound infection as a side effect [9-11]
in addition to the mass effect. The literature has anecdotally reported on the toxic effects
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of BioGlue®, associated with the possible development of aseptic meningitis due to the
glutaraldehyde component. However, it is noteworthy that bovine serum albumin (45%)
and glutaraldehyde (10%) are mixed in the applicator tip to form the glue, after which
the glutaraldehyde no longer exists as a single component. While a prior study has
demonstrated the biocompatibility of this sealant [24], it should be applied only extradurally
with care. Furthermore, this study did not establish a clear connection between BioGlue®
and wound infection but confirmed that all four patients with neurologic deterioration had
lesions due to a mass effect, hence not identifying evidence to support the neurotoxicity or
wound infection of BioGlue®.

This study had several limitations. First, its retrospective, non-randomized design
introduces a risk of selection bias. Although all cases involved elective intradural tumor
surgeries with intentional durotomies—reducing variability in the extent of dural defect—
unmeasured confounding variables such as tumor morphology or dural fragility may have
influenced the surgeon’s decision to use BioGlue®. For example, dumbbell-shaped tumors
requiring lateral dural incisions may have been more prone to CSF leakage and thus more
likely to be treated with BioGlue®. Although all surgeries were performed by a single
experienced surgeon using a standardized thin-layer application technique, the possibility
of selection bias affecting outcomes cannot be completely excluded. Furthermore, while a
prospective randomized controlled trial could better address these concerns, the potential
risk of BioGlue®-associated mass effect observed in this study raises ethical concerns
regarding the feasibility of such a design. Second, information was lacking on follow-up
MRI for patients in the non-BioGlue® group with high-grade ESCC. Among the patients
treated without BioGlue® and ESCC grades 2 and 3, only two showed resolutions of the
lesion in follow-up MRI, limiting the ability to prove that the immediate post-surgical mass
effects in patients not treated with BioGlue® are temporary and resolvable. Third, data on
clinical symptoms such as pain or neurological deterioration were missing for patients with
high-grade ESCC. Further studies should include changes in patients’ clinical symptoms.

5. Conclusions

Our findings indicate that BioGlue® is a significant risk factor for mass formation
aggravating spinal canal invasion after intradural spinal cord tumor surgery. Therefore,
the use of BioGlue® to address CSF leakage in spine surgery is risky and should be limited.
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Abstract: Background/Objectives: Malnutrition is common in patients with metastatic
spine tumors (MSTs) and may adversely affect surgical outcomes. The Prognostic Nutri-
tional Index (PNI) reflects both nutritional and immune status, but its role in palliative MST
surgery is not well defined. The aim of this study was to investigate the association between
preoperative the PNI and postoperative outcomes, including functional recovery and sur-
vival, in patients undergoing palliative surgery for MSTs. Methods: A brief description
of the main methods or treatments applied. This can include any relevant preregistration
or specimen information. Results: Patients with a higher PNI (>42.8) demonstrated sig-
nificantly better postoperative ambulation and longer overall survival compared to those
with a lower PNI (<42.8). The higher PNI group showed earlier ambulation (p = 0.017)
and longer median survival (30.7 vs. 7.0 months; p = 0.002). Multivariate analysis con-
firmed that a PNI > 42.8 was an independent predictor of early ambulation (HR = 1.516;
95% CI: 1.010-2.277; p = 0.045) and prolonged survival (HR = 0.955; 95% CI: 0.927-0.985;
p = 0.003). No significant association was found between the PNI and postoperative infec-
tions. Conclusions: The PNI is a simple and effective predictor of postoperative functional
recovery and survival in patients undergoing palliative surgery for MSTs. Its routine
preoperative assessment may help stratify surgical risk, guide nutritional interventions,
and optimize clinical outcomes in this vulnerable population.

Keywords: spine metastasis; palliative surgery; nutrition; prognostic nutritional index;
ambulatory function; survival

1. Introduction

A recent epidemiological study reported that approximately 23 million people had
cancer in 2019, which was 2.3 times than in 1990 [1]. Bone is the most common site for
the metastases of many cancers. Most cancers often metastasize to the axial skeleton,
with the spine being the most frequent site of bone metastasis, accounting for 87% [2,3].
Although not all spine metastases will have clinical manifestations, symptomatic spine
metastasis can cause pain, neurological deficits, and even the loss of ambulatory function,
leading to increased mortality and decreased quality of life [4,5]. The treatment goal for
metastatic spine tumors (MSTs) is predominantly palliative to reduce pain and to preserve
or improve neurologic status [4,5]. It has been reported that the surgical treatment for
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MSTs has increased over the past few decades [6,7]. Surgical treatment can influence
subsequent additional cancer treatment and even overall survival [8,9]. Although surgical
techniques have improved, postoperative complications are quite common after surgical
treatment for MSTs because cancer patients are usually frail and malnourished with medical
comorbidities and poor functional status [10].

Malnutrition is a common disorder in cancer patients, accounting for 40%, especially
in those with advanced stages [11,12]. Although the pathophysiology of malnutrition is
complex, it is mainly a consequence of inadequate food intake caused by cancer itself or
side effects during anticancer treatment in cancer patients [13]. Besides starvation-type
malnutrition, there is another type of malnutrition called inflammation-type malnutrition,
in which systemic inflammation increases due to metabolic derangement. Both types of
malnutrition can put patients at greater risk of poorer adverse events, such as increased
morbidity, complications, length of stay, and even mortality [14,15].

Various scoring tools are available to assess nutritional status such as the Mini Nutri-
tional Assessment, Prognostic Nutritional Index (PNI), and Nutritional Risk Index (NRI).
The PNI is calculated using serum albumin and lymphocyte count, which make it easier
to use than other metrics [16]. The serum albumin level is a widely used indicator for
nutritional status and disease status of cancer patients [17]. Lymphocyte count is reflective
of inflammatory status. Elevated systemic inflammation in cancer patients is associated
with poor prognosis and the development of inflammation-type malnutrition [18]. Recent
studies have found that the PNI has significant prognostic value in cancer treatment [19-22].

Despite growing evidence supporting the utility of the PNI in oncology, its role in
the specific context of palliative surgery for MSTs remains underexplored. Given that
functional recovery and quality of life are primary goals in this population, identifying
reliable preoperative prognostic markers is essential. Moreover, considering the high
prevalence of malnutrition in patients with MSTs, preoperative nutritional assessment
using the PNI could help stratify surgical risk and guide perioperative management.
Therefore, this study aimed to investigate the association between the preoperative PNI
and postoperative outcomes, including functional recovery and overall survival, in patients
undergoing palliative surgery for MSTs. By elucidating this relationship, we hope to
provide evidence that supports the integration of nutritional assessment into preoperative
risk stratification and clinical decision making in this vulnerable patient population.

2. Materials and Methods
2.1. Patient Selection

This study was approved by the Institutional Review Board of our institute (approval
No. KC24RISI10293, approval date 7 May 2024). This retrospective study used prospectively
collected data for all patients who underwent spine surgery for MSTs in a tertiary single
institute from January 2017 to June 2021. During the study period, 195 patients underwent
spine surgery for MSTs in our institute. Inclusion criteria were as follows: age of more
than 18 years, palliative debulking surgery, and preoperative preservation of independent
ambulatory function. If the surgery was performed to relieve preoperative symptoms
caused by a metastatic spine tumor but was not intended as a curative excision, the authors
defined it as “palliative debulking surgery.” We adapted the Nurick grading system to
evaluate ambulatory function [23]. If the patient showed a Nurick grade 4 or higher (able
to walk with an aid), we determined that the patient was ambulatory. Exclusion criteria
were as follows: preoperative Nurick grade 5 (chair-bound or bedridden), curative surgery,
any preoperative nutritional interventions, revision surgery at the index level, lack of data,
or follow-up period of less than 30 days after surgery.
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2.2. Data Collection

We recorded clinical and surgical data. Patient data included age, sex, and body
mass index (BMI). Clinical data included American Society of Anesthesiologists (ASA)
classification, Eastern Cooperative Oncology Group (ECOG) performance status, primary
cancer, history of oncological treatment (chemotherapy or radiotherapy), and modified
Charlson Comorbidity Index (mCCI) [24]. Because all patients had cancer, the mCCI was
calculated with the exclusion of 6 points for cancer. Surgery-related data included the
length of operated segments, estimated blood loss (EBL), use of instrumentation, and
need for intensive care unit (ICU). PNI was calculated with the following formula: 10 X
serum albumin (g/dL) + 0.005 x total lymphocyte count (/mm?) [16]. Currently, there
is no consensus on the normal range of PNI. Thus, we divided patients into two groups
and compared them based on the mean PNI value of our cohort. Perioperative compli-
cations including surgical site infection and other infectious conditions (e.g., pneumonia,
cellulitis) were investigated. Surgical site infection (SSI) (either superficial or deep) was
diagnosed based on the definition of the Centers for Disease Control and Prevention [25].
Postoperative times to start ambulation and postoperative survival were reviewed.

2.3. Statistical Analysis

All statistical analyses were performed using SPSS software (IBM SPSS Statistics for
Windows, v24; IBM Corp., Sydney NSW, Australia). Continuous variables are expressed as
mean and standard deviation, and they were analyzed with unpaired ¢-test. Categorical
variables are expressed as absolute numbers and percentages, and they were analyzed
with chi-square test or Fisher’s exact test as appropriate. Survivorship was subjected to
Kaplan—-Meier analysis. Log-rank test was used to compare outcomes between groups.
Cox proportional hazard models were used to analyze the correlation between PNI and
postoperative ambulatory function or survival. Receiver operating characteristic (ROC)
analysis was performed for postoperative ambulatory function and overall survival. For
all analyses, p values of less than 0.05 were considered significant.

3. Results
3.1. Preoperative and Operative Details

Among 195 patients who underwent surgery during the study period, a total of
133 patients met the criteria and were included in this study (Figure 1). Baseline demo-
graphic and oncological details of these 133 patients are shown in Table 1. Of these
patients, 78 (58.6%) were male. The mean age was 61.1 years for the 133 patients included
in this study. The preoperative mean BMI was 23.0 + 3.3 kg/m?, the mean mCCI was
7.1 £ 1.3, and the mean PNI was 42.8 &= 7.5. The mean postoperative follow-up period
was 15.8 £ 14.1 months. Multiple myeloma (n = 35) and lung cancer (n = 34) were the
most common primary cancers, followed by breast cancer (n = 13). Perioperative data are
summarized in Table 2. A total of 119 patients underwent instrumented surgery, and the
remaining 14 patients underwent decompression surgery without instrumentation. The
mean number of operated levels was 3.8 & 1.7 for instrumented surgery and 1.9 & 1.0 for
decompression only. Mean perioperative blood loss was 906.6 & 815.9 mL, and postopera-
tive ICU care was needed for 44 patients (33.1%). Mean values of serum albumin level and
lymphocyte count were 3.7 + 0.6 g/dL and 1215 & 590/mm?, respectively. The mean PNI
was 42.8 = 7.5.

55



J. Clin. Med. 2025, 14, 4372

A total of 195 patients
underwent spine surgery for
spine metastasis from Jan
2017 to June 2021

Inclusion criteria Exclusion criteria

1. Age > 18 years 1. Insufficient data

2. Preoperatively preserved 2. Curative surgery
ambulatory function 3. Revision surgery

3. Palliative debulking surgery 4. Short follow-up (< 30 days)

133 patients were included

Figure 1. Flow chart for inclusion and exclusion.

Table 1. Baseline demographic and oncological data (divided into two groups according to mean

PNI [42.8]).
102 Patients Who Could Walk Independently
After Surgery
Total (n = 133)
PNI > 42.8 PNI < 42.8
(1 = 59) (n = 43) P
Age (years) 61.1 +12.2 57.7 +11.9 62.8 +12.0 0.037 #
Male 58.6% (n =78) 61.0% (n = 36) 53.5% (n = 23) 0.543 *
Body mass index (kg/mz) 23.04+3.3 22.8 +3.0 22.8 +3.9 0.927 #
Primary cancer
Multiple myeloma 35 13 15
Lung cancer 34 15 9
Breast cancer 13 9 2 0.147 ***
Prostate cancer 10 3 3
Others 39 19 14
Prior chemotherapy 54.1% (n =72) 54.2% (n = 32) 44.2% (n =19) 0.423 *
Prior radiotherapy at index level 12.8% (n = 17) 11.9% (n=7) 9.3% (n =4) 0.757 **
Modified Charlson comorbidity index 71+£13 6.7+ 1.0 75+14 0.001 #
ASA classification
II 47 28 9
111 71 29 28 0.002 ***
v 15 2 6
ECOG
0 17 10 5
1 59 29 19
2 46 18 14 0.140
3 11 2 5
Serum albumin level (g/dL) 3.7+ 0.6 41+04 33+04 <0.001 #
Lymphocyte count (/mL) 1215 £ 590 1404 £ 479 1002 + 435 <0.001 #
Prognostic nutritional index 428 +75 484 +40 373 +4.1 <0.001 #

Independent t-test for #, chi-square test for *, Fisher’s exact test for **, and linear-by-linear test for *** were used.

56



J. Clin. Med. 2025, 14, 4372

Table 2. Perioperative data (divided into two groups according to mean PNI [42.8]).

102 Patients Who Could Walk Independently

After Surgery
Total (n = 133)
PNI > 42.8 PNI < 42.8
(n = 59) (n = 43) P
Surgery type
With instrumentation 89.5% (n =119) 84.7% (n = 50) 97.7% (n = 42) 0.042 *
Without instrumentation 10.5% (n = 14) 15.3% (n=9) 23% (n=1) ‘
Number of instrumented levels 38+1.7 36+17 35+15 0.665 #
Blood loss (mL) 906.6 £ 815.9 773.3 + 809.2 1046.8 +901.4 0.118 #
ICU care 33.1% (n = 44) 32.2% (n=19) 23.3% (n =10) 0.323 *

Independent ¢-test for # and chi-square test for * were used.

3.2. Relationship Between PNI and Infection

SSI was identified in 10 patients (7.5%). Comparing patients with and without SSI,
there was no significant difference in the PNI between the two groups (39.5 £ 6.2 vs.
43.1 £ 7.6, p = 0.148). Infectious conditions other than SSI occurred in 13 patients (9.8%).
Comparing patients with and without infectious conditions, there was no significant
difference in the PNI between the two groups either (41.1 £ 11.5 vs. 43.0 = 7.0, p = 0.568)

(Table 3).

Table 3. Relationship between the Prognostic Nutritional Index (PNI) and the occurrence of infectious
conditions.

Surgical Site Infections Other Infections
Yes (n = 10) No (n = 123) Yes (n = 13) No (n = 120)
PNI value
395+ 6.2 431 +76 41.1 £11.5 43.0+7.0
p 0.148 0.568

Independent ¢-test was used.

3.3. Relationship Between PNI and Ambulatory Function

At postoperative 1 month, 102 patients (77.3%) showed ambulatory function. They
had a higher preoperative PNI than 30 patients with the loss of ambulatory function
(43.7 £ 6.8 vs. 39.6 £ 9.1, p = 0.008). We performed a sub-analysis for 102 patients with
postoperative ambulatory function. When analyzing two groups divided based on the
mean value of the PNI (42.8), patients with a higher PNI (>42.8) showed earlier ambulatory
function after surgery than those with a lower PNI on the log-rank test (p = 0.017) (Figure 2).
In the multivariate Cox biohazard model, a PNI greater than 42.8 was a significantly
positive factor for earlier postoperative ambulation (HR = 1.516; 95% CI = 1.010-2.277;
p = 0.045). The ROC curve for ambulatory function at postoperative 1 month is shown in
Figure 3. Area under the curve (AUC) was 0.642, and the optimal cut-off value of the PNI
was 36.1 (sensitivity = 0.863, specificity = 0.419).
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Figure 2. Log-rank test shows that patients with a PNI higher than 42.8 show earlier ambulatory
function after surgery than those with a PNI less than 42.8 (p = 0.017).
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Figure 3. ROC curve for ambulatory function at postoperative 1 month. A green line indicates the

diagonal reference line and a red line indicates the a tangent representing the Youden index for the

optimal cutoff point.

3.4. PNI and Postoperative Survival

Median overall survival of all patients was 540 days. Mortality rates at 3 months and
12 months were 81.6% and 57.1%, respectively. A log-rank test demonstrated that patients
with a PNI higher than 42.8 had longer median overall survival (30.7 months; 95% CI 15.9—-
45.5 months) than those with a PNI lower than 42.8 (7 months; 95% CI 1.1-13.2 months,
p = 0.002) (Figure 4). A lower PNI (< 42.8) was associated with a significantly lower
median overall survival (HR = 0.955; 95% CI = 0.927-0.985; p = 0.003). The ROC curve for
overall survival at postoperative 3 months is shown in Figure 5. The area under the curve
(AUC) was 0.688, and the optimal cut-off value of the PNI was 42.0 (sensitivity = 0.648,
specificity = 0.714).
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Figure 4. Log-rank test shows that patients with a PNT higher than 42.8 have longer overall survival
(median of 30.7 months; 95% CI for 15.9-45.5 months) than those with a PNI lower than 42.8 (median
of 7 months; 95% CI for 1.1-13.2 months; p = 0.002).
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Figure 5. ROC curve for overall survival at postoperative 1 month. A green line indicates the diagonal

reference line and a red line indicates the a tangent representing the Youden index for the optimal
cutoff point.

4. Discussion

The PNI, which consists of nutritional (serum albumin level) and immunological (lym-
phocyte count) indices, is widely used as a predictive indicator of postoperative morbidities
and mortality in cancer patients [19-22]. This study investigated the prognostic significance
of the preoperative PNI in patients undergoing palliative surgery for MSTs. Our findings
demonstrate that a lower PNI is significantly associated with delayed postoperative ambu-
lation and decreased overall survival. Although the PNI was not significantly associated
with postoperative infections, its correlations with functional and survival outcomes un-
derscore its clinical value. The PNI, derived from serum albumin and lymphocyte count,
reflects both nutritional status and systemic immune function. Patients with a PNI > 42.8
were more likely to achieve early ambulation. They had a median overall survival of
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30.7 months, higher than a median overall survival of 7.0 months for patients with a lower
PNI. These results are clinically meaningful, particularly in the context of palliative surgery,
where functional recovery and quality of life are primary goals.

The possible relationship between a low PNI and impaired ambulatory recovery likely
reflects underlying sarcopenia. Although we did not directly measure skeletal muscle mass,
sarcopenia and malnutrition often coexist in advanced cancer, particularly under chronic
systemic inflammation [26,27]. Our recent study has found that both the PNI and the psoas
muscle index are independent predictors of postoperative recovery and complication risk
in MST surgery [28]. Similarly, Ushiku et al. have demonstrated that skeletal muscle mass
assessed by total psoas area (TPA)/vertebral body area can predict short-term postoperative
function [29]. These studies highlighted the synergistic impact of nutrition and muscle
mass on surgical outcomes. However, given the absence of direct sarcopenia assessment in
our cohort, these interpretations should be considered exploratory and serve as a basis for
future prospective research.

In recent decades, there has been important progress in radiotherapy (RT) for cancer
treatment [30]. RT is effective for pain reduction and local tumor control. Recent studies
showed that sarcopenia or malnutrition did not seem to affect treatment outcomes and
complications after radiotherapy in bladder cancer patients [31,32]. Therefore, RT may be a
more appropriate option, especially in patients with poor prognostic predictors, such as a
low PNL

Our findings on survival were also consistent with previous studies. linuma et al. have
proposed a PNI cutoff of >42.5 as a significant predictor of 6-month survival, closely match-
ing the mean value in our cohort [33]. This reinforces the use of the PNI as an objective,
prognostically relevant preoperative marker. Ramos et al. have compared six nutritional
biomarkers—the PNI, NRI, Controlling Nutritional Status Score (CONUT), TPA, BMI, and
body weight—for predicting mortality and wound complications after MST surgery [34].
They found that the PNI, NRI, and CONUT had the highest discriminatory power for
90-day and 12-month mortality (c-statistics: 0.74-0.75) and that each biomarker predicted
survival independently of performance status and tumor type. Interestingly, commonly
used biomarkers BMI and TPA showed lower predictive accuracies, emphasizing the
superior prognostic value of composite indices such as the PNI

Although we did not find a significant association between the PNI and postoperative
infections in our cohort, it is important to interpret this in the context of broader evidence.
A possible explanation might be the relatively low overall incidence of SSI in our study
population or the presence of multiple contributing surgical and patient-level risk factors
beyond nutrition. However, extensive evidence supports a strong link between malnutri-
tion and postoperative infection. For instance, Tsantes et al. have conducted a meta-analysis
of 22 studies including over 175,000 patients and found that malnourished patients are
more than twice as likely to develop SSI following a spinal surgery (OR 2.31; 95% CI
1.75-3.05) [35]. This study underscores the clinical importance of identifying and address-
ing malnutrition preoperatively to reduce preventable complications. While the PNI did
not correlate with infection in our analysis, its roles in inflammatory and immune responses
highlight its potential as part of a broader perioperative infection risk stratification.

Beyond statistical performance, Ramos et al. have advocated for the routine incorpora-
tion of the PNI and related markers into surgical decision making, particularly because their
predictive value is comparable to, or even better than, some traditional prognostic scoring
systems (e.g., Tokuhashi, Tomita, Bauer) [34]. This supports our position that preoperative
nutritional status should be used not only to stratify risk but also to guide preopera-
tive optimization. Additionally, Rigney et al. have emphasized that formal preoperative
nutrition consultation can reduce wound-related complications and overall morbidity
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after MST surgery [36]. These findings highlight the modifiable nature of malnutrition
and suggest that early nutritional interventions might yield measurable improvements in
surgical outcomes.

This study has several limitations. First, the retrospective design introduced potential
selection bias and limited causal interpretation. Although this study was based on prospec-
tively collected data, unmeasured confounders such as comorbidities, psychosocial factors,
and/or variations in nutrition and activity might have affected outcomes. Second, the
single-center setting at a tertiary hospital might reduce generalizability to other institutions
with different patient demographics or perioperative protocols. We used the mean PNI
value from our cohort for analysis, which may limit the generalizability of our findings. In
a previous report, a PNI cutoff of >42.9 was suggested as a predictor of better performance
status. However, multi-institutional studies are needed to establish a standardized cutoff
for the PNI in the future. Third, we used the PNI as a sole nutritional marker. While conve-
nient and validated, it does not account for muscle mass or strength, although both muscle
mass and strength are core elements of sarcopenia. We could not directly assess sarcopenia
in this study, although it is likely to affect ambulatory function. Also, the reliability of the
PNI could be compromised in patients with certain tumor types, such as hepatocellular
carcinoma, typically associated with hypoalbuminemia [37]. Fourth, although the PNI
is potentially modifiable, we did not evaluate whether nutritional interventions before
surgery improved functional or survival outcomes. Fifth, our results about postoperative
infection could be a type II error due to its low incidence. Previous reports showed that
malnourished patients are more than twice as likely to develop SSI following spine surgery.
Finally, because our cohort excluded non-ambulatory patients preoperatively, our findings
might not be applicable to those with severe neurological deficits or poor performance
status, nor to patients undergoing nonoperative or minimally invasive treatments.

While our study demonstrated the prognostic significance of the PNI in predicting
postoperative ambulatory function and overall survival, we acknowledge that its appli-
cation in routine clinical practice could be further enhanced through the development of
a nomogram that integrates the PNI with other relevant clinical variables. Additionally,
bioinformatic approaches could be employed to refine predictive models and identify
novel biomarkers associated with outcomes in MST patients. Future studies should aim
to establish such models prospectively to improve risk stratification and individualized
patient counseling. Also, future research should focus on integrating nutritional and sar-
copenic metrics into comprehensive prognostic models and testing whether nutritional or
multimodal prehabilitation strategies can improve the outcomes of MST surgery. Given the
growing body of literature, randomized trials evaluating perioperative nutritional supple-
mentation, such as those described in recent lumbar surgery studies, might be warranted
in the spine oncology population.

5. Conclusions

The PNI is a powerful, cost-effective biomarker that can independently predict func-
tional recovery and the survival of patients undergoing palliative spine surgery. Its clin-
ical utility is reinforced by growing evidence from recent studies comparing nutritional
biomarkers in MST. Given its prognostic robustness and ease of use, the PNI should be
integrated into standard preoperative evaluation to support risk stratification, patient
counseling, and perioperative planning in this vulnerable patient population.
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Abbreviations

The following abbreviations are used in this manuscript:

MST Metastatic spine tumor

NRI Nutritional risk index

PNI Prognostic nutritional index

SSI Surgical site infection

BMI Body mass index

ASA American Society of Anesthesiologists
ECOG Eastern Cooperative Oncology Group
mCCI  Modified Charlson Comorbidity Index
EBL Estimated blood loss

ICU Intensive care unit

TPA Total psoas area
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Abstract: Background: Although the Spinal Instability Neoplastic Score (SINS) is widely utilized to
evaluate spinal instability, its prognostic value for survival in patients with cervical spinal metastases
remains unclear. This study investigated the association between the SINS and survival outcomes in
patients with metastatic cervical spine cancer. Methods: This retrospective cohort study included
106 patients who underwent surgery for metastatic cervical spine cancer at a single institution
between 1995 and 2023. Patients were divided into two groups: high SINS (>13) and low-to-
moderate SINS (0-12). Overall survival (OS) was the primary outcome and was analyzed using
Kaplan—-Meier estimates and Cox regression. Secondary outcomes included changes in Eastern
Cooperative Oncology Group Performance Status (ECOG-PS), operation time, estimated blood loss,
and postoperative complications. Results: The median OS was significantly shorter in the high SINS
group compared to the low-to-moderate SINS group (5.3 months versus 8.6 months; p = 0.023). A
high SINS was independently associated with increased mortality risk (hazard ratio [HR], 1.959; 95%
CI, 1.221-3.143; p = 0.005). Lung cancer (HR, 4.004; 95% CI, 1.878-8.535; p < 0.001) and rectal cancer
(HR, 3.293; 95% CI, 1.126-9.632; p = 0.029) were predictive of worse survival, whereas postoperative
chemotherapy (HR, 0.591; 95% CI, 0.381-0.917; p = 0.019) and radiotherapy (HR, 0.531; 95% CI,
0.340-0.827; p = 0.005) were associated with improved survival. Changes in the ECOG-PS and
postoperative complication rates were not significantly different between the groups. Conclusions:
A high SINS was associated with significantly shorter survival in patients with metastatic cervical
spine cancer, reflecting both mechanical instability and tumor aggressiveness.

Keywords: metastatic cancer of the cervical spine; Spinal Instability Neoplastic Score; overall survival;
prognostic factors; surgical outcomes; spinal instability

1. Introduction

Metastatic cancer of the cervical spine is the third most common site of spinal metasta-
sis after the thoracic and lumbar spine and presents unique challenges due to the distinct
anatomical and biomechanical characteristics of the cervical spine [1-5]. The cervical
spine’s lack of rib support and high mobility increases its susceptibility to instability [6]. In
this context, evaluating spinal stability in metastatic cancer of the cervical spine is crucial
not only for preventing catastrophic events such as neurological compromise, but also for
planning effective cervical-specific surgical and non-surgical treatments [7].

The Spinal Instability Neoplastic Score (SINS) has been widely used to assess the
stability of spinal metastases [8]. This score was initially developed using the modi-
fied Delphi technique, focusing solely on spinal instability, and has therefore been tra-
ditionally regarded as unrelated to survival outcomes [9], with studies reporting no
real associations [10-12]. For this reason, many prognostic scoring systems for spinal
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metastases exclude SINS [13-16]. However, a recent study suggested that a high SINS
may be associated with poor prognosis [17], challenging the initial understanding of its
prognostic value.

Although the prognostic value of the SINS remains controversial, its potential impli-
cations for metastatic cancer of the cervical spine remain unknown. The unique anatomy
and biomechanics of the cervical spine affect both surgical approaches and outcomes,
highlighting the need for focused studies on the prognostic value of the SINS. Therefore,
this study sought to address this gap by examining the surgical outcomes in patients with
high and low SINS. We compared surgical outcomes between high SINS groups (>13) and
low-to-moderate SINS groups (0-12), evaluating whether SINS can serve as a meaningful
predictor of prognosis and other treatment outcomes.

2. Materials and Methods
2.1. Study Design and Ethical Considerations

This retrospective cohort study was conducted at a single tertiary referral center
specializing in spinal oncology. Data were obtained from the center’s prospective Spinal
Metastasis Registry. The study protocol was reviewed and approved by the Institutional
Review Board (IRB) of Samsung Medical Center (IRB Approval Number: 2024-11-070).
The requirement for informed consent was waived due to the retrospective nature of the
study. Patient confidentiality was maintained by anonymizing the data and adhering to
the principles outlined in the Declaration of Helsinki. Data were collected from electronic
medical records and patient’s picture archiving and communication systems.

2.2. Participants

Patients who underwent surgical treatment for metastatic cervical cancer at our insti-
tution between January 1995 and December 2023 were included in this retrospective cohort
study. Eligible participants were identified using an institutional electronic medical records
system. The inclusion criteria were as follows: (1) spinal metastasis diagnosed between
1995 and 2023 and (2) surgical treatment specifically for cervical spinal metastasis. The
exclusion criteria were as follows: (1) incomplete or inaccurate clinical and radiological
data necessary for SINS evaluation and (2) death due to non-tumor-related causes. The
patients were categorized into two groups based on their SINS: high and low-to-moderate.

2.3. Outcome Measures and Data Collection

The primary outcome was overall survival (OS), which was defined as the time from
surgery to death from any cause, with surviving patients censored at the last follow-up.
Secondary outcomes included postoperative changes in the Eastern Cooperative Oncology
Group-Performance Status (ECOG-PS), surgical burden including operation time, estimated
blood loss, postoperative complications, and independent predictors of survival identified
through Cox regression analysis.

Patient demographic and baseline characteristics, including age, sex, primary cancer
type, ECOG-PS, Frankel grade, and Karnofsky Performance Status (KPS), were retrospec-
tively extracted. Tumor-specific variables, such as SINS, number of extraspinal bony metas-
tases, visceral metastases, and primary location of cervical lesions, were recorded along
with preoperative and postoperative therapeutic interventions, including chemotherapy
and radiotherapy.

Surgical variables documented included operation type (e.g., anterior debulking and
fixation, posterior debulking and fixation, and fixation), operation time, and estimated
blood loss. Anterior debulking and fixation included procedures performed using either
an anterior only or combined anterior and posterior approach. Complications, including
wound infections, fractures, and tumor relapse-associated neurological deterioration, were
recorded. Postoperative functional changes were assessed by comparing preoperative and
postoperative ECOG-PS scores and categorizing the patients into improved, unchanged, or
aggravated groups.
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2.4. Statistical Analysis

Continuous variables are expressed as means with standard deviations or medians
with interquartile ranges, as appropriate. Categorical variables are presented as frequen-
cies and percentages. Comparisons between the high and low-to-moderate SINS groups
were conducted using the independent two-sample {-test or Mann—-Whitney U test for
continuous variables and the chi-square test or Fisher’s exact test for categorical variables.
Survival outcomes were analyzed using Kaplan—-Meier survival estimates, and the log-rank
test was used to compare survival distributions between the groups. Median OS was
reported with a 95% confidence interval (CI). Univariate and multivariate Cox proportional
hazards regression analyses were conducted to identify independent predictors of survival.
Variables with p-values < 0.10 in univariate analysis were included in the multivariate
model. Hazard ratios (HRs) with 95% Cls were calculated to quantify the strength of the
association. Postoperative changes in ECOG-PS were analyzed using paired comparisons
of pre- and postoperative scores within each group using chi-squared analysis. Statistical
analyses were performed using SPSS (version 27.0; SPSS Inc., Chicago, IL, USA), and
statistical significance was set at p < 0.05.

3. Results
3.1. Participant Characteristics and Comparison of Low-to-Moderate and High SINS Groups

Ultimately, 106 patients who underwent surgical treatment for metastatic cervical
cancer between January 1995 and December 2023 were included in this study. A total of
71 patients (67.0%) were allocated to the low-to-moderate SINS group and 35 (33.0%) to the
high SINS group. The baseline characteristics of the patients are summarized in Table 1.
The mean age of all participants was 58.2 + 10.1 years. Male patients comprised 57.5% of
the cohort. Lung cancer (26.4%) and liver cancer (19.8%) were the most common primary
tumor types, followed by breast cancer (12.3%), colorectal cancer (5.7%), and kidney cancer
(4.7%). There were no significant differences between the two groups in terms of age, sex,
or primary tumor type. Furthermore, measures of functional and performance statuses,
including ECOG-PS, Frankel grade, and KPS, were comparable between the groups. Other
characteristics, such as the number of vertebral body metastases, presence of visceral
metastases, number of extraspinal bony metastases, and perioperative chemotherapy and
radiotherapy, also showed no significant differences. Similarly, the main locations of the
cervical lesions were evenly distributed between the groups. Significant differences were
observed between surgical approaches. Surgical strategies differed between the groups,
with patients with high SINS undergoing anterior debulking more frequently than those
with low to moderate SINS; however, the difference was not significant (71.4% vs. 49.3%;
p = 0.105).

Table 1. Baseline characteristics of all patients and their comparison across the low-to-moderate and
high SINS groups.

Low-to-Moderate

Characteristics All Patients (N = 106) SINS (N = 71) High SINS (N = 35) p-Value

Age, year, mean + SD 58.2 +£10.1 589 +9.7 56.8 £ 10.9 0.321
Male, n (%) 61 (57.5) 44 (62.0) 17 (48.6) 0.189
Primary cancer, n (%)

Lung 28 (26.4) 21 (29.6) 7 (20.0)

Liver 21 (19.8) 17 (23.9) 4(11.4)

Breast 13 (12.3) 6 (8.5) 7 (20.0)

Colorectal 6 (5.7) 5(7.0) 1(2.9) 0.086

Kidney 54.7) 4 (5.6) 1(2.9)

Prostate 2(1.9) 2(2.8) 0(0.0)

Thyroid 2(1.9) 2 (2.8) 0 (0.0)

Others 29 (27.4) 14 (19.7) 15 (42.9)

67



J. Clin. Med. 2024, 13, 7860

Table 1. Cont.

Low-to-Moderate

Characteristics All Patients (N = 106) SINS (N = 71) High SINS (N = 35) p-Value
ECOG-PS, n (%)
0 2 (1.9) 1(1.4) 1(2.9)
1 40 (37.7) 30 (42.3) 10 (28.6) 0.559
2 35 (33.0) 22 (31.0) 13 (37.1) ’
3 23 (21.7) 15 (21.1) 8 (22.9)
4 6 (5.7) 34.2) 3 (8.6)
Frankel grade, n (%)
E 48 (45.3) 32 (45.1) 16 (45.7) 0,999
Cand D 56 (52.8) 37 (52.1) 19 (54.3) ’
A and B 2 (1.9) 2(2.8) 0 (0.0
Karnofsky performance status, n (%)
Good (80-100%) 34 (32.1) 24 (33.8) 10 (28.6) 0.841
Moderate (50-70%) 53 (50.0) 35 (49.3) 18 (51.4) ’
Poor (10-40%) 19 (17.9) 12 (16.9) 7 (20.0)
Number of extraspinal bony
metastases, n (%)
0 50 (47.2) 31 (43.7) 19 (54.3) 0.572
1-2 23 (21.7) 17 (23.9) 6 (17.1)
>3 33 (31.1) 23 (32.4) 10 (28.6)
Metastasis to visceral organs, n (%)
No metastases 56 (52.8) 38 (53.5) 18 (51.4) 0.999
Removable 54.7) 3(42) 2 (5.7) )
Unremovable 45 (42.5) 30 (42.3) 15 (42.9)
Number of metastases in the vertebral
body, n (%)
1 32 (30.2) 22 (31.0) 10 (28.6) 0.345
2 26 (24.5) 20 (28.2) 6 (17.1)
>3 48 (45.3) 29 (40.8) 19 (54.3)
Main cervical lesion
C1 1(0.9) 1(1.4) 0 (0.0
C2 18 (17.0) 15 (21.1) 3 (8.6)
C3 9 (8.5) 7(9.9) 2(5.7) 0,482
C4 20 (18.9) 12 (16.9) 8(22.9) ’
C5 15 (14.2) 10 (14.1) 5(14.3)
C6 21 (19.8) 11 (15.5) 10 (28.6)
c7 22 (20.8) 15 (21.1) 7 (20.0)
SINS
0-6 7 (6.6) 7 (9.9) 0 (0.0
7-12 64 (60.4) 64 (90.1) 0(0.0) <0.001
>13 35 (33.0) 0 (0.0) 35 (100.0)
Operation type, n (%)
Fixation only 15 (14.2) 12 (16.9) 3 (8.6) 0105
Posterior debulking and fixation 31(29.2) 24 (33.8) 7 (20.0) )
Anterior debulking and fixation 60 (56.6) 35 (49.3) 25 (71.4)
Usage of occiput plate 8 (7.5) 6 (8.5) 2(5.7) 0.999
Preoperative chemotherapy, n (%) 56 (52.8) 36 (50.7) 20 (57.1) 0.532
Preoperative radiotherapy, n (%) 38 (26.4) 24 (33.8) 14 (40.0) 0.532
Postoperative chemotherapy, n (%) 50 (47.2) 33 (46.5) 17 (48.6) 0.839
Postoperative radiotherapy, n (%) 64 (60.4) 45 (63.4) 19 (54.3) 0.368
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3.2. Survival Analysis

The median estimated survival for all patients was 7.1 months (95% CI, 5.3-8.9)
(Figure 1). Kaplan—Meier survival analysis demonstrated a significantly shorter median
survival in the high SINS group (5.3 months; 95% CI, 3.8-6.8) compared to the low-to-
moderate SINS group (8.6 months; 95% CI, 6.9-10.2; p = 0.023) (Figure 2).

KM Curve for all patients
1.00 1 Y
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0 6 12 18 24 30 36 42 48 5'4 60
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Figure 1. Kaplan—-Meier survival curve showing the overall survival of 106 patients with metastatic
cervical spine cancer.
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Figure 2. Kaplan-Meier survival curve comparing overall survival between the low-to-moderate
SINS group (median survival: 8.6 months) and the high SINS group (median survival: 5.3 months;
p =0.023).

69



J. Clin. Med. 2024, 13, 7860

3.3. Changes in Functional Status

In the low-to-moderate SINS group, 18.3% of patients revealed improvements in
ECOG-PS, 53.5% showed no change, and 26.8% experienced worsening of their perfor-
mance status (Table 2). Similarly, in the high SINS group, 17.1% of the patients demon-
strated improvement, 54.3% showed no change, and 28.6% had worsening ECOG-PS (Ta-
ble 3). There was no significant difference between the two groups in the proportion of pa-
tients with improved ECOG-PS after surgery (p = 0.883) or those with worsening ECOG-PS
(p =0.844).

Table 2. The number of patients showing postoperative changes in ECOG-PS after surgery in the
low-to-moderate SINS group.

Postoperative ECOG-PS

Preoperative ECOG-PS Total
1 2 3 4 5
0 0 1P 0P 0P ob 0P 1
1 12 17 7 3b 1° 1° 30
2 02 22 15 3 ob ob 22
3 02 12 62 7 1P 0P 15
4 02 02 12 22 0 0P 3
Total 1 21 29 17 2 1 71

Light grey box 2: improved ECOG-PS; white box: no change in ECOG-PS; dark grey box P: aggravated ECOG-PS;

SINS, Spinal Instability Neoplastic Scale; ECOG-PS, Eastern Cooperative Oncology Group-Performance Status.

Table 3. The number of patients demonstrating postoperative changes in ECOG-PS after surgery in

the high SINS group.

Postoperative ECOG-PS
Preoperative ECOG-PS 0 ) ) 3 1 5 Total
0 1 ob 0P 0P ob 0P 1
1 02 5 4b 1° ob 0P 10
2 02 12 9 2°b 1P 0P 13
3 02 02 42 3 1P 0P 8
1 0° 0@ 0@ 12 1 1Pt
Total 1 6 17 7 3 1 35

Light grey box : improved ECOG-PS; white box: no change in ECOG-PS; dark grey box ®: aggravated ECOG-PS;
SINS, Spinal Instability Neoplastic Scale; ECOG-PS, Eastern Cooperative Oncology Group-Performance Status.

3.4. Surgical Burden and Postoperative Complications

The mean operation time for all patients was 5.6 £ 2.2 h, with the low-to-moderate
SINS group having a longer mean operation time compared to the high SINS group
(59 £25hvs. 50+ 1.5 h; p =0.020) (Table 4). However, there was no significant
difference in the estimated blood loss between the two groups (low-to-moderate SINS:
684.5 £ 1215.9 mL vs. high SINS: 553.4 £ 473.4 mL; p = 0.541). Postoperative complications
were comparable between the groups (Figure 3). The overall rate of revision surgeries
due to complications was low in both groups, with four patients (5.6%) in the low-to-
moderate SINS group and three patients (8.6%) in the high SINS group requiring additional
interventions (p = 0.682). The overall rate of wound infection was 3.8%, with no significant
difference between the groups (p = 0.597). In the low-to-moderate SINS group, two patients
(2.8%) experienced wound infections compared to two patients (5.7%) in the high SINS
group. Further fractures were rare, occurring in only one patient (2.9%) in the high SINS
group, whereas no cases were reported in the low-to-moderate SINS group (p = 0.330).
Tumor relapse-associated neurological deterioration was noted in two patients (2.8%)
in the low-to-moderate SINS group, whereas no cases occurred in the high SINS group
(p=0.999).
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Table 4. Surgical burden and perioperative complications of all patients and their comparison across
the low-to-moderate and high SINS groups.

All Patients Low-to-Moderate High SINS Value
(N =106) SINS (N = 71) (N = 35) P
Surgical variables
Operation time (h) 56 £22 59425 50£15 0.020
Estimated blood loss (mL) 641.2 + 1030.5 684.5 + 1215.9 553.4 + 4734 0.541
Surgical complications
Total events requiring revision surgery, n (%) 7 (6.6) 4 (5.6) 3(8.6) 0.682
Wound infection, n (%) 4 (3.8) 2 (2.8) 2 (5.7) 0.597
Increased neurology due to tumor relapse, n (%) 2(1.9) 2(2.8) 0 (0.0) 0.999
Further fracture, n (%) 1(0.9) 0 (0.0) 1(2.9) 0.330
8
7
6
5
4
3
2
1
0

All patients (N=106) Low-to-moderate SINS (N=71) High SINS (N=35)
M Wound infection M Increased Neurology = M Further fracture

Figure 3. Surgical complications across the low-to-moderate and high SINS groups.

3.5. Cox Regression Analysis

In the multivariate analysis, a high SINS was identified as an independent predictor
of increased mortality risk (HR, 1.959; 95% CI, 1.221-3.143; p = 0.005) (Table 5). Specific
primary tumor origins included lung cancer (hazard ratio [HR], 4.004; 95% [CI], 1.878-8.535;
p < 0.001) and rectal cancer (HR, 3.293; 95% CI, 1.126-9.632; p = 0.029). Conversely, post-
operative chemotherapy (HR, 0.591; 95% ClI, 0.381-0.917; p = 0.019) and radiotherapy
(HR, 0.531; 95% CI, 0.340-0.827; p = 0.005) were independently associated with a reduced
mortality risk.
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Table 5. Cox regression analysis identifying factors associated with mortality.

Univariate Analysis Multivariate Analysis

Hazard Ratio

Hazard Ratio

(95% CI) p Value (95% CI) p Value
Sex (male) 0.086 0.430
Low-to-moderate SINS Reference
High SINS 1.637 (1.064-2.517) 0.025 1.959 (1.221-3.143) 0.005
Preoperative Frankel grade 0.639 (0.429-0.950) 0.026 0.084
Modified Tokuhashi score 0.923 (0.847-1.006) 0.067 0.838
Primary cancer group of the modified Tokuhashi score 0.003 0.008
5 (thyroid, breast, prostate, carcinoid tumor) Reference
4 (rectum) 3.049 (1.099-8.459) 0.032 3.293 (1.126-9.632) 0.029
3 (kidney, uterus) 1.314 (0.417-4.138) 0.641 0.337
2 (other) 3.154 (1.556-6.394) 0.001 2.648 (1.295-5.415) 0.008
1 (liver, gallbladder) 2.636 (1.240-5.605) 0.012 2.715 (1.227-6.011) 0.014
0 (lung, pancreas, etc.) 3.686 (1.777-7.646) <0.001 4.004 (1.878-8.535) <0.001
Preoperative radiotherapy 1.866 (1.217-2.860) 0.004 0.881
Postoperative chemotherapy 0.477 (0.314-0.725) 0.001 0.591 (0.381-0.917) 0.019
Postoperative radiotherapy 0.502 (0.330-0.763) 0.001 0.531 (0.340-0.827) 0.005

4. Discussion

This study highlights the prognostic significance of the SINS in patients with metastatic
cervical spine cancer. Our findings show that a high SINS is independently associated with
reduced overall survival, with patients in this group exhibiting a median survival of only
5.3 months compared with 8.6 months in the low-to-moderate SINS group. Conversely,
postoperative chemotherapy and radiotherapy were shown to improve survival.

SINS was initially developed to predict spinal instability requiring surgical fixation
rather than patient survival. Our findings suggest that SINS may have additional prognos-
tic value in patients with metastatic cervical spine cancer due to its unique biomechanical
considerations. In the literature, the relationship between SINS and survival outcomes has
been debated. Previous studies have reported conflicting results regarding the prognostic
value [10-12,17]. Ha et al. reported no direct impact of SINS on survival in metastatic
lung and hepatocellular cancers, emphasizing the importance of performance status and
systemic treatment [10]. Zadnik et al. found no significant association between SINS and
survival in patients undergoing surgery for multiple myeloma, indicating that SINS pri-
marily reflects mechanical instability rather than tumor aggressiveness [12]. However, their
study reported that the mean SINS was higher in patients who survived more than 1 year
compared to those who survived less than 1 year (11 & 2.6 months vs. 8.5 &+ 2.4 months;
p = 0.056). They also showed that the Kaplan-Meier survival curves for indeterminate
stability (SINS 7-12) and instability (SINS 13-18) were clearly separated. However, the
difference in survival between the two groups was not statistically significant based on the
log-rank test (p = 0.12). Although the difference was not statistically significant, this may
be attributed to the small sample size (31 patients). Another study by Zadnik assessed an
observational cohort of 43 patients who underwent surgical resection for metastatic breast
cancer and investigated the impact of SINS [11]. In this analysis, there was no statistically
significant difference in survival between patients with SINSs indicating indeterminate
stability (7-12) versus gross instability (13-18). However, the median survival was only
12.7 months in the unstable group compared to 28.1 months for the indeterminately stable
groups, respectively. The groups were similar in terms of the surgical level, preoperative
KPS, and patient age. Importantly, the SINS data were based on 22 patients, and the lack of
statistical significance may be attributable to the small sample size.
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However, recent studies have challenged these findings. Versteeg et al. reviewed the
use of the SINS in clinical practice and identified studies suggesting a potential link between
higher SINSs and poorer outcomes, particularly in patients with high systemic tumor
burdens [9]. Similarly, Miyaji et al. evaluated the SINS in castration-resistant prostate cancer
and revealed that patients with unstable spines (SINS > 7) had a significantly reduced
survival compared to those with stable spines (SINS < 6), with a hazard ratio of 2.60 (95%
CI, 1.07-5.93; p = 0.0345), which is echoed by our result [17]. A possible explanation for
these results is the hypothesis that high SINSs may not only signify mechanical instability
but also reflect the biological aggressiveness of the tumor and a higher predisposition for
systemic spread. Patients with high SINSs in our cohort exhibited a significantly shorter
median survival (5.3 months) compared to those with low-to-moderate scores (8.6 months),
reinforcing the prognostic relevance of this tool in this specific patient population. This
finding underscores the dual role of the SINS as both a stability assessment tool and an
indicator of tumor severity, particularly in the context of cervical spine metastases. Cervical
lesions are more prone to instability than thoracic lesions, which are supported by ribs. As
a result, the onset of symptoms prompting surgery is likely to be similar between the low
and high SINS groups. Therefore, a higher SINS, which reflects greater bone destruction
at the time of surgery, may indicate more aggressive tumor characteristics. The SINS may
also serve as a complementary tool in prognostic evaluations for patients with metastatic
cervical spine cancer. A high SINS can suggest a prognosis that is potentially worse than
what previous legacy prognostic models predicted. This should be taken into account
when assessing the suitability of surgical intervention and in choosing the appropriate
surgical method. Furthermore, surgeons and oncologists could consider integrating the
SINS into existing prognostic systems or utilizing it to develop new scoring models tailored
specifically to cervical spine metastases.

Interestingly, the proportion of patients with unchanged ECOG-PS was higher than
that of patients with improvement or worsening, indicating that while surgery may stabi-
lize functional status, achieving substantial recovery is challenging. Specifically, 28.6% of
patients in the high SINS group and 26.8% in the low-to-moderate SINS group had deterio-
rated ECOG-PS, whereas only 17.1% and 18.3%, respectively, demonstrated improvement.
This aligns with the findings of Moon et al., who observed that spinal decompression
surgery often prevents further neurological decline but does not guarantee significant
functional improvement, particularly in advanced cancer [18].

In Table 4, the operation time was slightly longer in the low-to-moderate SINS group
(p = 0.020). This difference may be attributed to the relatively higher proportion of C2
lesions in the low-to-moderate SINS group, as C2 lesions typically require more complex
surgical approaches. However, from a clinical perspective, this difference in operation time
is not considered to be of significant importance, as it did not influence other perioperative
outcomes or overall survival. Estimated blood loss and perioperative complication rates
were comparable between the two groups, except for operation time. This similarity likely
reflects that the choice of surgical approach in cervical lesions is typically determined by
the tumor’s location (anterior or posterior) rather than the SINS. As a result, both groups
underwent similar surgical procedures, which may explain the lack of significant differences
in surgical burden and perioperative complications. In our study, the total adverse event
rate was 8.5%, which was notably lower than the rates reported in other studies on surgical
interventions for spinal metastases. Lau et al. reported an overall complication rate of
21.7% in a cohort of patients undergoing surgery for spinal metastasis [19]. Tan et al. also
reported a 20.7% surgical complication rate in patients who underwent surgery for spinal
metastases [20]. This disparity can be explained by the influence of the survival duration on
the reported incidence of postoperative complications. In a study by Tan et al., the median
survival of all patients was 16 months, allowing a longer window for the development
of postoperative complications. Conversely, the median survival in our cohort was only
7.1 months, which was significantly shorter and likely limited the time frame for adverse
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events to occur. Further research is required to clarify whether patients with metastatic
cervical cancer have inferior survival rates after surgical treatment.

This study has several limitations. First, its retrospective design inherently intro-
duced a selection bias, as only patients who underwent surgical treatment were included.
This may limit the generalizability of the findings to patients managed with nonsurgical
treatments or those with less severe disease. Second, the study was conducted at a sin-
gle tertiary referral center, which may have restricted the applicability of the results to
other institutions with different patient populations and management practices. Third,
the relatively small sample size, particularly in the high SINS group, may have limited
the statistical power to detect subtle differences in secondary outcomes such as functional
status changes and complication rates. Fourth, there is a possibility of survivor bias. As
only patients who underwent surgery were included, those with more severe conditions
who were ineligible for surgery may be underrepresented. This could have influenced
survival and outcome findings. Fifth, there is no consideration of benign aggressive tumors,
such as giant cell tumors, which can also cause instability. For giant cell tumors, aggressive
surgical interventions and denosumab therapy are essential for achieving favorable out-
comes [21]. Future studies should include these types of tumors. Furthermore, the use of
historical data spanning nearly three decades (1995-2023) introduces potential variability in
surgical techniques, perioperative care, and adjunctive therapies that may influence patient
outcomes. For instance, the introduction of targeted chemotherapy has revolutionized
the treatment landscape for metastatic cancer, offering more effective systemic control
and potentially influencing survival outcomes. While stratified analysis by decade or
surgical technique could provide valuable insights, the limited sample size in each decade
would likely result in insufficient statistical power for meaningful results. Therefore, future
prospective studies should aim to validate these findings in larger multicenter cohorts to
reduce bias and enhance the reliability of the results.

5. Conclusions

This study demonstrated that high SINSs (>13) in patients with metastatic cervi-
cal spine cancer were associated with poorer survival outcomes. In these patients, SINS
can serve as a dual-purpose tool, highlighting mechanical instability and providing in-
sights into the biological behavior of the tumor. Patients with high SINSs had a signifi-
cantly shorter median survival (5.3 months) than those in the low-to-moderate SINS group
(8.6 months). These findings support the integration of the SINS into patient management
strategies, either as a complementary tool for prognostic evaluations or as part of novel
scoring systems, to improve prognostic accuracy and guide treatment decisions. Future
studies should aim to validate these findings in larger, multicenter cohorts and explore the
integration of SINS into comprehensive prognostic models.
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Abstract: Background/Objectives: This study aimed to identify risk factors associated with me-
chanical failure in patients undergoing spinal instrumentation without fusion for metastatic spinal
tumors. Methods: We retrospectively evaluated data from 220 patients with spinal tumors who
underwent instrumentation without fusion. Propensity scores were used to match preoperative
variables, resulting in the inclusion of 24 patients in the failure group (F group) and 72 in the non-
failure group (non-F group). Demographic, surgical, and radiological characteristics were compared
between the two groups. Logistic regression and Kaplan-Meier survival analyses were conducted to
identify predictors of mechanical failure. Results: Propensity score matching resulted in a balanced
distribution of covariates. Lower Hounsfield unit (HU) values at the lowest instrumented vertebra
(LIV) were the only independent predictor of implant failure (p = 0.037). A cutoff value of 127.273
HUs was determined to predict mechanical failure, with a sensitivity of 59.1%, specificity of 73.4%,
and area under the curve of 0.655 (95% confidence interval: 0.49-0.79). A significant difference in
survival was observed between the groups with HU values above and below the cutoff (p = 0.0057).
Cement-augmented screws were underutilized, with an average of only 0.2 screws per patient in
the F group. Conclusions: Preoperative LIV HU values < 127.273 were strongly associated with an
increased risk of mechanical failure following spinal instrumentation without fusion. Alternative
surgical strategies including the use of cement-augmented screws are recommended for patients with
low HU values.

Keywords: metastatic spinal tumors; instrumentation without fusion; Hounsfield units; mechanical
failure; cement-augmented screws; propensity score matching

1. Introduction

Spinal metastatic tumors arise from various primary cancers and often cause pain,
neurological symptoms, and spinal instability [1-3]. Surgical intervention is essential,
particularly in cases of cord compression that promote neurological deficits or instability
caused by metastasis [1,4]. Common surgical approaches include decompression or corpec-
tomy with fixation, as well as en bloc excision and fixation. In many cases, fusion is not
performed, and fixation alone is often preferred [1,4-6].

Achieving stable arthrodesis in patients with spinal tumors is a significant challenge.
Although fusion is typically performed following spinal instrumentation to enhance stabil-
ity, the environment in metastatic spine conditions is often suboptimal for fusion [1,3,5,7-9].
Factors such as poor bone quality, the impact of adjuvant therapies, and the typically
short survival time of these patients complicate the fusion process [2,3]. Consequently,
many clinicians opt for instrumentation alone without performing additional fusion after
decompression, to provide immediate stability without the burden of achieving long-term
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bone fusion. Yee et al. reported that the fusion rate in patients with spinal metastatic
tumors was only 28% [6], underscoring the difficulty of achieving successful arthrodesis in
this population.

Although this approach can mitigate some immediate surgical challenges, it is as-
sociated with risks. The overall implant failure rate for these procedures ranges from
approximately 3% to 13.8% [1,5]. Despite previous investigations of implant failure rates
in patients with spinal metastatic tumors, the specific risk factors contributing to mechan-
ical failure remain largely unknown. Considering the extended survival times of some
patients owing to advances in cancer treatment, identifying these risk factors has become
increasingly important [10-12].

This study aimed to determine the incidence of mechanical failure following decom-
pression and fixation surgery in patients with metastatic spinal tumors. Additionally, we
identified and analyzed the risk factors associated with such mechanical failures. Gain-
ing this understanding is crucial for improving surgical outcomes and optimizing the
management of spinal metastases in this challenging patient population.

2. Materials and Methods
2.1. Study Design and Patients

This study was approved by the institutional review board (IRB number: 52023-0763-
0001, approved on 29 March 2023). The requirement for informed consent was waived
owing to the retrospective nature of the study. This study was designed and reported in
accordance with the Strengthening the Reporting of Observational Studies in Epidemiology
(STROBE) statement for cohort studies. Between 2014 and 2020, 220 patients with spinal
tumors who underwent decompression and instrumentation surgery, without fusion, for
metastatic spinal tumors were enrolled in this study. Two experienced spine surgeons
(JHC and JWP) performed all surgeries at a single institution. The primary indications
for surgery included severe pain or neurological deterioration resulting from pathologic
fractures or metastatic spinal cord compression [10,13].

The exclusion criteria were as follows: use of a fusion substrate during surgery; in-
complete medical records, clinical scores, or radiographs; loss to follow-up or death within
6 months postoperatively; and surgery without instrumentation, including procedures
such as cementing or decompression alone. After applying these exclusion criteria, the re-
maining patients were subjected to propensity score matching (PSM) based on preoperative
variables such as age, sex, and bone mineral density (BMD) [14]. PSM was implemented to
minimize selection bias and ensure comparability between the failure (F) and non-failure
(non-F) groups. This matching resulted in a cohort with a 1:3 ratio that included 24 and
72 patients in the F and non-F groups, respectively. Thus, well-aligned groups were created
for subsequent analyses.

2.2. Variables

A comprehensive set of variables was analyzed to assess the factors related to mechanical
failure after instrumentation without fusion in patients with spinal tumors. These variables
included demographic factors, tumor-related factors, and radiological assessments.

2.3. Demographic Factors

We collected data on age, sex, height, body mass index (BMI), and BMD from all
patients enrolled. Additionally, we documented the type of surgery performed, including
the number of laminectomy levels, fixation levels, screws placed in the tumor, the number
of rods, and the use of cemented screws. We also tracked the time to mechanical failure,
incidence of symptomatic local recurrence, and rate of reoperation to provide insights into
the durability of surgical interventions.
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2.4. Tumor-Related Factors

The origin of the tumor (e.g., lung, breast, or kidney) and the extent of tumor involve-
ment, which included the number of vertebral levels affected by metastasis and whether
the tumor had spread from the spinal column to other regions, were recorded. The number
of vertebral levels instrumented above and below the affected area was also documented,
typically involving two levels above and below the tumor-affected vertebrae.

2.5. Radiological Assessment

Radiological assessment was a critical component of this study. Hounsfield units
(HUs) were measured on preoperative computed tomography (CT) scans to evaluate bone
quality [15,16]. HU measurements were taken at specific vertebral levels, including the
upper instrumented vertebra (UIV) and lowest instrumented vertebra (LIV). HU values
were obtained by averaging the measurements across three axial slices of the vertebral
body (VB), avoiding the cortical bone and focusing on the trabecular bone (Figure 1) [17].
Additional radiological factors such as Bilsky grades, spinal instability neoplastic scores
(SINSs), and the extent of VB collapse were also assessed [12,18].

i

Channel  Luminosity
Pixel Spacing X: 0232438 mm MinVal: .19
Pixel Spacing Y: 0232422 mm Max Val: 290
Mean: 109597 Value: 682
Std Dev: 49461 Frequency: 0
Area: 153264 BitsPerPixels: 16

Figure 1. Preoperative computed tomography scan illustrating the method for measuring Hounsfield
units (HUs) at the vertebral body. HU measurements were obtained from the trabecular bone at the
upper and lowest instrumented vertebrae, represented by dashed lines indicating three axial slices
per vertebra for accurate assessment.

2.6. Mechanical Failures

Mechanical failure of the instrumentation was defined based on clinical experience at
our institution and established research criteria. Instrumentation failure was characterized
by screw loosening, rod fracture or displacement, and subsidence of the cage, cement, or
bone [19].

2.7. Statistical Analysis

Statistical analyses were conducted to identify the factors associated with mechan-
ical failure. Logistic regression analysis was used to identify independent predictors of
mechanical failure due to its suitability for binary outcome variables. Receiver operating
characteristic (ROC) curve analysis was employed to determine the optimal cutoff for
Hounsfield unit values, as this method provides sensitivity and specificity estimates. A
Kaplan—-Meier survival analysis was conducted to compare time-to-event outcomes be-
tween groups, providing insights into implant survival over time. In addition to propensity
score matching, multivariate analyses included adjustments for confounding factors such
as age, body mass index, and preoperative radiotherapy to further enhance the robust-
ness of our findings. All statistical analyses were performed using IBM SPSS Statistics
version 21.0 for Windows (IBM Corp., Armonk, NY, USA). Statistical significance was set at
p <0.05.
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3. Results
3.1. Demographic Characteristics

The PSM resulted in a balanced distribution of covariates between the F and non-F
groups, comprising 24 and 72 patients, respectively, achieving a 1:3 ratio. Specifically,
the mean age difference between the groups was reduced from 4.22 years pre-matching
to 0.61 years post-matching. No significant differences in age, sex, BMI, BMD, number
of vertebral bodies involved, mode of surgery, PreopRT, major organ involvement, num-
ber of other bone lesions, or postoperative RT were observed between the two groups.
The F group had a longer mean follow-up period than the non-F group (21.6 & 18.8 vs.
15.4 £ 15.8 months), although this difference was not significant (p = 0.121, Table 1). The
demographic and clinical characteristics of the 24 patients in the F group are shown in
Table 2. The table outlines key factors, such as tumor origin, location, mode of surgery,
number of laminectomies, fixation levels, screws placed in the tumor, and the type and
timing of implant failures. The time to failure among the patients ranged from 0.25 to
27 months. Implant failure resulted from screw loosening (16 cases), rod breakage (2 cases),
and cage subsidence. A significant proportion of patients (79.2%) in the F group required
reoperation because of symptomatic implant failure.

Table 1. Demographic data of the mechanical failure and non-mechanical failure groups.

Non-F Group F Group p
(n=72) (n=24)
Age 58.4 £ 12.9 57.8 +£13.1 0.856
Sex 1
Male 44 (61.1%) 14 (58.3%)
Female 28 (38.9%) 10 (41.7%)
Height 164.8 £9.5 166.6 + 8.6 0.404
Weight 61.9 £+ 10.3 64.7 £ 11.1 0.275
BMI 239 £6.5 233 £39 0.630
BMD —-19+15 —21+19 0.721
Follow-up period 154 + 15.8 21.6 +18.8 0.121
(months)
Involved Yertebral 0731
bodies
1 27 (36.1%) 8 (33.3%)
2 9 (12.5%) 5 (20.8%)
>3 36 (50.0%) 11 (45.8%)
Pathologic fracture 53 (73.6%) 19 (79.2%) 0.785
Number of other 11£19 15+35 0.551
bone lesions
Major organ 44 (61.1%) 17 (70.9%) 0.529
metastasis
Mode of surgery 0.701
Fixation only 5 (6.9%) 1(4.2%)
Decon;.l’re?sm and 46 (63.9%) 14 (58.3%)
ixation
Corpf?do.my and 21 (29.2%) 9 (37.5%)
ixation
PreopRT 24 (33.3%) 13 (54.2%) 0.115
PostopRT 50 (69.4%) 18 (75.0%) 0.795

BMI, body mass index; BMD, bone mineral density; RT, radiotherapy.
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Table 2. Demographic and clinical summary of instrumentation failures in 24 patients.

No. of e . Screws . Time for
Case . . . Mode of X Fixation . Failure . .
No Sex/Age  Tumor Origin  Location Suree Laminec- Levels in Type Failure Reoperation
: gery tomy Tumor M (Months)
Decompression Failure c
1 M/50 Kidney T5 pre 1 4 0 tumor 12 Yes
and fixation
recur
2 F/36 Breast T12-L1 Fixation only 0 6 12 Failure 6 Yes
Decompression Failure ¢
3 F/59 Lung T12 CCOMPIEssIo 2 5 6 tumor 27 Yes
and fixation
recur
c " Failure ¢
4 F/48 Kidney T4 orpectomy 1 4 0 tumor 17 Yes
and fixation
recur
5 M/57 Liver 2 Decompression 1 2 0 Failure 1 Yes
and fixation
c ) Failure ¢
6 M/71 Chondrosarcoma  T11 orpectomy 2 4 1 tumor 1 Yes
and fixation
recur
7 M/72 Bladder L3 Corpectomy 3 25 3 Failure ¢ 1 No
and fixation fracture
8 F/71 Kidney T6 Corpectomy 1 4 0 Failure 2 Yes
and fixation
Decompression Failure c
9 M/71 MUO L34 pre: 3 4 0 tumor 10 Yes
and fixation
recur
10 F/27 Chondrosarcoma T9 Decompre§ sion 5 2.5 0 Failure ¢ 0.25 Yes
and fixation fracture
Decompression Failure c
11 F/47 Breast L1 \pre: 1 2.5 3 tumor 2 No
and fixation
recur
12 E/5% Lung 23  Decompression 4 3 1 Failure c 2 Yes
and fixation fracture
13 M/75 Lung L4 Decompression 2 25 1 Failure 3 No
and fixation
D . Failure c
14 F/60 Lung 12-3 ccompression 2 5 5 tumor 14 Yes
and fixation
recur
15 F/72 Lung TI1-L1  Corpectomy 4 6 2 Failure 6 No
and fixation
Corpectom Failure ¢
16 M/69 HCC Ti1 pectomy 0 2 0 tumor 5 Yes
and fixation
recur
17 M/49 Lung T8-9 Decompression 3 5 2 Failure c 3 Yes
and fixation fracture
18 M/70 Liver T10 Corpectomy 2 4 0 Failure ¢ 14 No
and fixation fracture
19 F/40 Breast L4 Decompression 2 6 4 Failure 6 Yes
and fixation
20 M/44 Thymus T9 Corpectomy 3 5 0 Failure ¢ 18 Yes
and fixation fracture
. Decompression Rod
21 M/63 Kidney L4 and fixation 1 4 0 breakage 14 Yes
2 M/70 Lung L5 Decompression 45 3 Failure 5 Yes
and fixation
23 M/56 Prostate L3 Decompression 1 6 4 Failure 3 Yes
and fixation
Corpectomy Rod
24 M/55 Lung L1 and fixation 1 4 0 breakage 26 Yes
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3.2. Radiological Characteristics

Radiological characteristics, including the Bilsky grade, SINS, and VB collapse, were
compared between the two groups (Table 3). No significant differences in the Bilsky grade,
specific components of the SINS, or HU measurements at the UIV were identified between
the two groups. However, the HU measurements at the LIV were significantly lower in the
F group than in the non-F group (142.2 £ 62.2 vs. 178.9 4= 84.5, p = 0.042).

Table 3. Characteristics of the mechanical failure and non-mechanical failure groups.

Non-F Group F Group p
n=72) (n=24)
Bilsky grade 0.312
0 2 (2.8%) 3 (12.5%)
1 8 (11.1%) 3 (12.5%)
2 20 (27.8%) 6 (25.0%)
3 42 (58.3%) 12 (50.0%)
SINS 10.3 + 3.5 114 +3.0 0.208
Location 0.21
Semi-rigid 29 (40.3%) 7 (29.2%)
Mobile spine 12 (16.7%) 8 (33.3%)
Junctional 31 (43.1%) 9 (37.5%)
Pain 0.699
Pain-free 7 (9.7%) 1 (4.3%)
Occasional but not o o
mechanical 16 (22.2%) 6 (26.1%)
Yes 49 (68.1%) 16 (69.6%)
Bone lesion 0.813
Blastic 10 (13.9%) 2 (8.3%)
Mixed 7 (9.7%) 3 (12.5%)
Lytic 55 (76.0%) 19 (79.2%)
Alignment 0.627
Normal alignment 42 (58.3%) 13 (54.2%)
De novo deformity 28 (38.9%) 11 (45.8%)
Subluxation/translation 2 (2.8%) 0 (0.0%)
VB collapse 0.652
None 11 (15.3%) 3 (12.5%)
No collapse with o o
>50% body involved 14 (19.4%) 4 (16.7%)
<50% collapse 27 (37.5%) 7 (29.2%)
>50% collapse 20 (27.8%) 10 (41.7%)
I.’osterolateral 0.82
involvement
None 8 (11.1%) 2 (8.3%)
Unilateral 21 (29.2%) 9 (37.5%)
Bilateral 43 (58.3%) 13 (54.2%)
UIV HUs 1911 £79.2 161.0 + 58.5 0.115
LIV HUs 178.9 £ 84.5 142.2 £ 62.2 0.042 *

SINS, spinal instability neoplastic score; VB, vertebral body; UIV, upper instrumented vertebra; LIV, lower
instrumented vertebra; HU, Hounsfield unit. * p < 0.05.

3.3. Surgical Characteristics

The surgical characteristics of the two groups are shown in Table 4. Although there
were no significant differences in the levels of laminectomy, fixation, or the number of
screws used between the two groups, the F group experienced a higher rate of symptomatic
local recurrence (50.0% vs. 27.8%, p = 0.08) and a significantly higher rate of reoperation
(79.2% vs. 33.3%, p < 0.001) than the non-F group.
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Table 4. Surgical characteristics of the mechanical failure and non-mechanical failure groups.

Non-F Group F Group p
n=72) (n=24)

Laminectomy levels 1.7£12 19+£12 0.629

Fixation levels 37+13 41+13 0.279

Screws in tumor 1.0£2.0 20+28 0.139

No. of rods 20+03 19+£02 0.503

No. of cemented screws 0.05+ 0.4 02+1.0 0.251

Symptomatic local recurrence 20 (27.8%) 12 (50.0%) 0.08

Time for symptomatic local 6.0+ 84 96486 0.254

recurrence

Reoperation 24 (33.3%) 19 (79.2%) <0.001 *

No., number; * p < 0.05.

3.4. Logistic Regression and ROC Analyses

The logistic regression analysis revealed that lower LIV HU values and Bilsky grades
were associated with an increased risk of mechanical failure (Table 5). Although other
factors such as PreopRT and the SINS showed trends toward significance, they did not
reach statistical significance in this study. However, the multivariate analysis identified
lower LIV HU values as the only independent predictor of postoperative implant failure
(p = 0.037). Furthermore, the ROC analysis (Figure 2) established a CT-measured LIV HU
value < 127.27 as the cutoff value for predicting implant failure. This cutoff value had a
sensitivity, specificity, and area under the curve of 69.6%, 73.6%, and 0.693, respectively
(95% confidence interval: 0.55-0.83, p < 0.01). This finding was further confirmed by
Kaplan—-Meier survival analysis, indicating a significant difference in implant survival
between the groups with LIV HU values above and below the cutoff (p = 0.0057, Figure 3).

Table 5. Logistic regression analysis for factors related with postoperative implant failure.

Estimate Std. Error z Value Pr(>lzl) OR Icl ucl
Age 0.001 0.0178 0.06 0.956 1 0.97 1.04
BMI —0.0178 0.0463 —0.39 0.7 0.98 0.88 1.06
PreopRT 0.8408 0.4753 1.77 0.077 2.32 0.92 5.99
Bilsky grade —0.3424 0.2543 —-1.35 0.178 0.71 0.43 1.18
SINS 0.0906 0.0759 1.19 0.233 1.09 0.95 1.28
Mode of surgery 0.3228 0.4231 0.76 0.445 1.38 0.6 3.21
Laminectomy levels 0.1114 0.1921 0.58 0.562 1.12 0.76 1.62
Fixation levels 0.1943 0.1765 1.1 0.271 1.21 0.86 1.73
No. of cemented screws 0.3574 0.3414 1.05 0.295 143 0.7 3.37
No. of rods —0.5444 0.8247 —0.66 0.509 0.58 0.09 3.42
Screws in tumor 0.1778 0.0976 1.82 0.068 1.19 0.99 1.46
UIV HUs —0.0059 0.0038 —1.54 0.124 0.99 0.99 1
LIV HUs —0.0051 0.0036 —1.43 0.153 0.99 0.99 1
(Intercept) 1.3423 0.9957 1.35 0.178 3.83 0.58 30.49
Bilsky grade —0.4757 0.2865 —1.66 0.097 0.62 0.35 1.09
LIV HUs —0.01 0.0048 —2.08 0.037 * 0.99 0.98 1

Residual deviance/df = 80.3/78 = 1.03, pseudo-R2 = 0.421 (Nagelkerke). BMI, body mass index; PreopRT,
preoperative radiotherapy; SINS, spinal instability neoplastic score; No., number; UIV, upper instrumented
vertebra; LIV, lower instrumented vertebra; HU, Hounsfield unit; OR, odds ratio; Icl, lower confidence limit; ucl,
upper confidence limit. * p < 0.05.
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Figure 2. Receiver operating characteristic curve analysis for Hounsfield units (HUs) at the lowest
instrumented vertebra (LIV), identifying a cutoff value of 127.273 for predicting mechanical failure
after instrumentation without fusion. The analysis showed a sensitivity of 69.6% and a specificity
of 73.6%, with an area under the curve (AUC) of 0.693 (95% confidence interval: 0.55-0.83) and
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Figure 3. Kaplan-Meier survival curve comparing the time to mechanical failure between patients
with Hounsfield unit (HU) values above and below the identified cutoff at the lowest instrumented
vertebra (LIV). The survival curve demonstrates a significant difference in implant survival, with
p = 0.0057, indicating that patients with LIV HU values < 127.273 have a higher risk of earlier
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3.5. Case Analysis
3.5.1. Case 1

A representative case from the F group was a 70-year-old male patient with liver
cancer that had metastasized to the T10 vertebra (Figure 4). Preoperative CT imaging
revealed an HU value of 94.15 at the LIV (T12) and 151.852 at the UIV. These values,
particularly the LIV HUs, were below the identified cutoff value of 127.27, indicating an
increased risk of implant failure. The patient underwent decompression with a partial
corpectomy and percutaneous pedicle screw fixation from T8 to T12. Approximately
14 months postoperatively, the patient’s back pain worsened, and CT tomography revealed
a loosening of the T12 screws.

Figure 4. Representative case of a 70-year-old male patient with liver hepatocellular carcinoma

metastasis to the T10 vertebra. (a—c) Preoperative magnetic resonance imaging and computed
tomography (CT) imaging revealed the metastatic lesion, with a preoperative lowest instrumented
vertebra Hounsfield unit value of 94.15, which is below the cutoff value associated with an increased
risk of implant failure. (d) The patient underwent decompression with a partial corpectomy and
posterior pedicle screw fixation from the T8 to T12. Postoperative plain radiographs initially showed
an adequate hardware placement. (e-g) However, 14 months postoperatively, the patient experienced
aggravated back pain, and subsequent CT imaging revealed loosening of the T12 pedicle screws
(yellow arrows).

3.5.2. Case 2

Another failed case involved a 48-year-old female patient with renal cell carcinoma
metastasis to the T4 vertebra (Figure 5). The patient underwent a T4 spondylectomy
with mesh cage insertion and posterior fixation from T2 to T6. Preoperative CT imaging
showed an average HU value of 264.862 at the UIV and 103.201 at the LIV, with the LIV
HU below the cutoff value of 127.27. Approximately 17 months postoperatively, the patient
experienced aggravated back pain, and CT tomography revealed loosening of the bilateral
pedicle screws at the T6 vertebra. Consequently, revision surgery was performed, extending
the fixation from C7 to T7.
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Figure 5. Case involving a 48-year-old female patient with renal cell carcinoma metastasis to the T4
vertebra. (a—c) Preoperative magnetic resonance imaging and computed tomography (CT) imaging
revealed the metastatic lesion. (d,e) The patient underwent a T4 spondylectomy with mesh cage
insertion and posterior fixation from T2 to T6. Preoperative computed tomography (CT) imaging
showed an average Hounsfield unit value of 264.862 at the upper instrumented vertebra and 103.201
at the lowest instrumented vertebra. (f,g) Approximately 17 months postoperatively, the patient
experienced aggravated back pain, and CT imaging revealed loosening of the bilateral pedicle screws
at the T6 vertebra (yellow arrows), (h) leading to revision surgery extending the fixation from C7
to T7.

4. Discussion

This study aimed to identify risk factors associated with mechanical failure in patients
undergoing instrumentation without fusion for metastatic spinal tumors. Among the
various factors analyzed, lower HU values at the LIV were identified as a key predictor
of implant failure. This result was consistent across multiple analyses, including logistic
regression and Kaplan-Meier survival analyses, underscoring the critical role of bone
quality, as measured by HUs, in the success of instrumentation without fusion in patients
with metastatic spinal tumors.

The decision to perform instrumentation without fusion in these patients was influ-
enced by several factors [1,6,10,11,20,21]. First, the average life expectancy of patients with
spinal metastases is often limited to a few months, indicating that even with attempting
fusion, patients frequently succumb to their illness before achieving bone union [4,7,22].
Second, the bone quality in these patients, particularly in the fusion bed, is often poor,
thus further reducing the likelihood of successful fusion [5,6,12,23]. Previous studies have
reported mixed outcomes for fixation alone [24]. Some studies have suggested that even in
cases of rod fracture, patients may not always experience significant discomfort, implying
that fixation alone might suffice [24]. However, other studies have indicated that additional
stabilization efforts may be necessary to avoid complications. As patients’ survival rates
improve, concerns regarding the impact of spinal construct instability on the quality of
life have also increased. In our study, 19 of the 24 patients in the F group (approximately
80%) required reoperation, highlighting the significant clinical burden of mechanical fail-
ure. Additionally, the time to symptomatic recurrence differed between the groups, with
issues arising at an average of 6 months in the non-F group and 9.6 months in the F group.
Complications related to spinal construct stability occurred within the expected survival
period of these patients, making this an essential consideration for surgical planning.

The logistic regression analysis revealed that several factors were associated with
implant failure after fixation-only surgery. PreopRT showed a trend toward significance
(p = 0.077), with the placement of screws in areas of tumor involvement correlating with
higher failure rates. However, factors such as the number of fixation levels and extent of
laminectomy were not significantly associated with failure. Importantly, the multivariate
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analysis identified lower HU values at the LIV as the only independent predictor of failure.
The ROC analysis determined a cutoff value of 127.27, below which the risk of implant-
related failure due to weakened bone at the LIV was significantly increased. This finding
was further confirmed by Kaplan—Meier survival analysis, where a significant difference
(p = 0.0057) in survival rates between the groups with HU values above and below the
cutoff was observed.

CT HU measurements are well established as predictive tools for implant failure
in various spine surgeries [15,16], particularly in long-level deformity correction proce-
dures [25-27]. In such surgeries, low HU values have been correlated with an increased risk
of hardware-related complications, emphasizing the importance of bone quality assessment
in surgical planning. Our study extends this knowledge to patients with metastatic spinal
tumors, demonstrating that HU measurements at the LIV are critical in predicting the
likelihood of implant failure. The identified cutoff value of 127.27 HUs provides a practical
and clinically relevant threshold for assessing risk, further supporting the utility of CT
HUs as a non-invasive predictor of surgical outcomes. Moreover, the predictive value of
HU measurements for implant stability could have implications beyond spine surgery.
For instance, in major joint replacement surgeries or other orthopedic procedures where
bone quality significantly affects implant longevity, HU assessments could similarly aid in
preoperative planning and risk stratification, potentially guiding the choice of stabilization
techniques or implant materials [28,29].

One of the more intriguing findings of this study is the greater predictive power of
LIV HU values than that of the UIV. Although both levels are crucial for maintaining
spinal stability, the LIV may be more susceptible to mechanical failure than the UIV be-
cause of its position as the lower anchor point in the construct, where stress and load
are maximized [5,30]. This finding aligns with those of studies in other contexts such
as deformity correction, where the LIV plays a pivotal role in the overall integrity of
the spinal construct [1,3,30]. For instance, in a study on degenerative lumbar scoliosis,
Yuan et al. reported a loosening rate of 45.4% at the LIV compared to 17.7% at the ULV,
suggesting that the primary cause of loosening was a weakened BMD at the LIV [31].
This observation is consistent with our findings, in which both representative cases
(Figures 4 and 5) demonstrated lower HU values at the LIV than at the UlV, leading
to screw loosening at the LIV. Although anatomical factors such as screw trajectory and
insertion angle may also contribute to loosening, within the heterogeneity of metastatic
spinal tumors, the HU value at the LIV was the most objective predictor of loosening.
Previous studies on degenerative conditions have similarly highlighted the significance of
HUs in screw trajectory and its impact on outcomes [15,16]. Therefore, ensuring adequate
bone quality at the LIV is essential for the long-term success of spinal instrumentation,
particularly in patients with compromised bone quality.

Considering the critical role of LIV HU values identified in this study, alternative
strategies for patients with HU values below the identified threshold of 127.27 need to
be determined. This study provides a reference to guide clinicians and surgeons in their
decision-making processes. For patients expected to have long-term survival, and thus a
prolonged need for stable spinal instrumentation [32], surgical techniques such as the use
of cement-augmented screws, thicker screws, or longer screws extending into the anterior
VB may be considered [10,33,34]. Cement-augmented pedicle screws, which improve
pull-out strength and reduce the risk of fixation failure in patients with osteoporosis or
spinal metastases, could be particularly beneficial [34,35]. Unfortunately, in our study, only
an average of 0.2% of cemented screws per patient were used in the F group, highlighting a
potential area for improvement in surgical techniques. Additionally, the use of fenestrated
pedicle screws with cementation further reduces the risk of screw loosening, which was
a significant concern in our study [35]. While cement augmentation provides improved
purchase power and stability, it is not without risks [35,36]. Cement leakage into the
foramen can lead to root symptoms by compressing nearby nerves, and the inadvertent
entry of cement into the venous system poses a risk of venous thrombus formation, which
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could result in serious complications [21,35,37]. Therefore, a careful technique and thorough
intraoperative monitoring are essential when using cement-augmented screws to mitigate
these risks.

These strategies can mitigate the risk of mechanical failure in high-risk populations.
Future research should focus on evaluating the effectiveness of these techniques in improv-
ing outcomes for patients with low HU values at the LIV, as well as exploring the integration
of other advanced imaging modalities or bone augmentation techniques [16,33-35]. Cur-
rently, advanced imaging techniques being developed and applied in other orthopedic
fields include quantitative computed tomography (Q-CT) with phantom calibration, which
allows for standardized, quantitative bone density assessments, and an Al-based volumet-
ric analysis that evaluates bone structure in three dimensions [38,39]. These methods may
provide a more detailed and precise assessment of bone quality, beyond traditional HU
measurements, and could significantly enhance predictive accuracy for implant stability in
patients with a compromised bone integrity.

The strength of this study lies in its large cohort size of 220 patients, including a
focused analysis of 24 patients in the F group, representing approximately 10% of the
cohort. The use of PSM to create a 1:3 ratio between the F and non-F groups minimized bias
and strengthened the validity of the findings. This methodological rigor suggests that the
results are reliable and applicable to similar patient populations. However, this study has
some limitations. First, the retrospective design inherently carries the risk of selection bias,
and the relatively small sample size of the F group may have limited the generalizability of
the findings. Given the initial disparity in sample sizes between the F group and non-F
group, we implemented propensity score matching (PSM) to create balanced groups for
meaningful comparisons. Despite this approach, the limited size of the failure group
remains a constraint. Although the analysis within the F group was limited by its size,
gathering this number of failure cases at a single institution is a significant achievement.
Second, the cohort included patients with metastatic spinal tumors across different spinal
regions (cervical, thoracic, and lumbar), introducing a degree of heterogeneity that could
influence the outcomes. The biomechanical and anatomical differences between these
regions may have affected the risk of mechanical failure, which was not fully accounted
for in this study. Additionally, while this study focused on key factors such as HU values
and mechanical failure, other potential contributors, such as the number of tumor-affected
segments, the duration of internal fixation, and the use of postoperative external fixation,
may also influence fixation stability. Furthermore, our post hoc power analysis indicated
a statistical power of approximately 72% with the current sample size, which is below
the commonly recommended threshold of 80%. Future studies with larger, multicenter
cohorts could provide additional insights by analyzing different spinal regions separately,
to confirm whether these findings hold consistently across the cervical, thoracic, and lumbar
segments. Finally, although HU values provide a valuable assessment of bone quality, they
do not encompass all aspects of bone health, such as microarchitectural integrity, which
may also influence implant stability.

5. Conclusions

This study suggests that preoperative bone quality assessment using CT HU measure-
ments at the LIV may help in predicting the risk of mechanical failure following spinal
instrumentation without fusion in patients with metastatic spinal tumors. While the identi-
fied HU cutoff value of 127.27 could serve as a useful tool for risk stratification, it should
be considered as part of a comprehensive assessment of patient-specific risk factors rather
than a standalone predictor. Personalized surgical approaches, particularly for patients
with compromised bone quality, may benefit from incorporating HU measurements into
preoperative planning. Future research is encouraged to validate these findings in larger
prospective cohorts and to explore alternative surgical strategies for high-risk patients.
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Abstract: Background: Spinal metastases can cause significant impairment of neurological
function and quality of life. Hence, personalized clinical decision-making based on prog-
nosis and likely outcome is desirable. The effectiveness of Al in predicting complications
and treatment outcomes for patients with spinal metastases is assessed. Methods: A thor-
ough search was carried out through the PubMed, Scopus, Web of Science, Embase, and
Cochrane databases up until 27 January 2025. Included were studies that used Al-based
models to predict outcomes for adult patients with spinal metastases. Three reviewers in-
dependently extracted the data, and screening was conducted in accordance with PRISMA
principles. AUC results were pooled using a random-effects model, and the PROBAST
program was used to evaluate the study’s quality. Results: Included were 47 articles total-
ing 25,790 patients. For training, internal validation, and external validation, the weighted
average AUCs were 0.762, 0.876, and 0.810, respectively. The Skeletal Oncology Research
Group machine learning algorithms (SORG-MLAs) were the ones externally validated
the most, continuously producing AUCs > 0.84 for 90-day and 1-year mortality. Models
based on radiomics showed promise in preoperative planning, especially for outcomes
of radiation and concealed blood loss. Most research concentrated on breast, lung, and
prostate malignancies, which limited its applicability to less common tumors. Conclusions:
Al models have shown reasonable accuracy in predicting mortality, ambulatory status,
blood loss, and surgical complications in patients with spinal metastases. Wider implemen-
tation necessitates additional validation, data standardization, and ethical and regulatory
framework evaluation. Future work should concentrate on creating multimodal, hybrid
models and assessing their practical applications.

Keywords: artificial intelligence; machine learning; deep learning; spine metastasis; complications

1. Introduction

The spine is one of the most common sites of metastasis, after the lung and the liver.
In patients with systemic cancer, approximately more than half develop spinal metastases,
and approximately 10% are symptomatic [1]. Surgery can significantly improve quality
of life in selected patients [2], and overall treatments have advanced in recent years to
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enhance overall clinical results and survival [3]. However, the likelihood of good outcomes
must always be weighed against the risks of complications and the economic costs in each
individual case [4].

Artificial intelligence (Al) is emerging as a potentially powerful tool to enhance clinical
decision-making through analysis of large datasets to predict individual patient outcomes
and risks, through machine learning and deep learning algorithms.

This systematic review’s main goal was to assess the state of artificial intelligence (AI)
models created to forecast outcomes and problems for patients who have spinal metas-
tases. The degree to which these models included explainability and interpretability—two
crucial components for clinical confidence and the practical application of Al tools—was
specifically examined in addition to summarizing performance measures. The following
definition of the primary clinical outcomes was made to guarantee uniformity between
studies:

e  Survival: At the longest or most precise follow-up available, it is reported as either
overall survival (OS) or progression-free survival (PFS). PFES is the period of time until
disease progression or death, whereas OS is the period of time from diagnosis or the
start of therapy to death from any cause.

e Ambulatory status: Usually classified as either ambulatory or non-ambulatory, this
refers to the patient’s capacity to walk on their own or with the use of assistive
technology.

e  Complications: Contains any unfavorable events that occur during or after surgery,
such as bleeding, infection, thrombosis, or neurological decline. Standard classifica-
tion systems (e.g., Clavien—Dindo) were used to stratify these by severity whenever
possible.

2. Materials and Methods
2.1. Ethical Review

Ethical review and approval were waived for this study due to it being a systematic re-
view of previously published data that did not involve human participants or the collection
of new data.

2.2. Search Strategy

We searched PubMed, Scopus, Web of Science Advance, Cochrane, and Embase (Ovid)
databases to identify relevant studies, using a search query with specific keywords like
‘spine metastases’, ‘artificial intelligence’, ‘machine learning’, ‘deep learning’, and ‘out-
comes’ (Supplementary Table S1). The population under consideration included adults
with spinal metastases. The objective was to identify studies reporting the use of Al/deep
learning (DL) models in predicting treatment and outcome prediction in spinal metas-
tases [5].

Irrelevant articles, such as studies unrelated to spinal metastases and those purely
investigating primary spinal tumors, were excluded. Animal studies, reviews, and non-
original research articles were also excluded from our analysis to ensure the inclusion of
primary research data relevant to our objective. The electronic search ranged from the
period’s earliest available date up to 27 January 2025 [5].

2.3. Screening of Studies

Each study’s title and abstract were screened for relevance before proceeding to full-
text screening, which was independently assessed by two reviewers (PD and VS). Any
discrepancies were addressed through consultation with a third reviewer (SH). This review
adhered to the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
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Analyses) guidelines but was not registered on the PROSPERO international prospective
register of systematic reviews (Figure 1).

|' Identification of studies via databases and registers ]

)
A Records identified from: 304 Records removed before
o Databases (n =5) screening:
§ PubMed - 3 Duplicate records removed (n
= Scopus — 120 > =166)
g EMBASE - 93 Records marked as ineligible
S Web of Science - 83 by automation tools (n =0)
= Cochrane - 5 Records removed for other
Registers (n = 0) reasons (n =0)
—
" ‘
Records screened »| Records excluded
(n=138) (n=23)
Reports sought for retrieval Reports not retrieved
> (n=115) (n=0)
: ]
Reports assessed for eligibility Reports excluded: 68
(n=115) —> Reason 1: Studies related to
Molecular and Genetic
signatures (n = 11)
Reason 2: Studies related to
Diagnosis (n = 40)
Reason 3: Non-Al based
= Study (n =6)

Reason 4: Wrong Study
Population (n =3)

Studies included in Systematic Reason 5: Inadequate Study
Review: 47 Size (n=2)

Reason 6: Non-Metastatic
Tumors (n =5)

Reason 7: Duplicates (n=1)

Included

Figure 1. A PRISMA flow diagram is presented to illustrate the screening of studies.

2.4. Data Extraction

Three independent authors (PD, VS, and AT) extracted relevant data from the included
studies. The data collected included study design, participant demographics, and the
number of participants with respective outcomes and complications. Discrepancies in data
extraction were resolved through consensus [5].

2.5. Data Analysis

Relevant variables were extracted from each of the included articles, such as the
primary tumor type, cohort size, and prediction model performance matrices: area under
the receiver operating characteristic curve (AUC) and type of validation (internal or external
validation). The weighted average of the AUC was calculated. All statistical analyses were
conducted using Excel, R Statistical Software, version 4.3.1, and Python, version 3.13.3.

We conducted a random-effects meta-analysis using restricted maximum likelihood
(REML) estimation to account for both within-study and between-study variability. This
approach assumes that the true effect size may vary across studies due to underlying
differences in study populations, methodologies, or settings. REML was used to estimate
the between-study variance (t?), providing an unbiased and efficient estimate of hetero-
geneity. Pooled effect estimates were calculated as weighted averages of the individual
study effects, with weights derived from both the within-study variance and the estimated
between-study variance. The Standardized Mean Difference (SMD) along with the 95%
confidence interval (CI) was used to compare continuous performance metrics like AUC
between studies after having a pooled estimate.
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2.6. Quality Assessment

The quality assessment was performed using the PROBAST (Prediction model Risk of
Bias Assessment Tool (Supplementary Figures S1 and S2).

PROBAST is designed for assessing the risk of bias and applicability in studies that
develop, validate, or update predictive models. It is a structured tool that assesses four
domains:

Participants: evaluating whether the data sources or patient samples used for training
and testing are appropriate and representative of the clinical population. Predictors: ensur-
ing that input data or predictors are well defined and appropriately measured. Outcome:
ensuring that the outcomes (e.g., model predictions, decisions) are clearly defined and
relevant to clinical scenarios. Analysis: evaluating whether the model performance metrics,
training/validation processes, and statistical analysis methods are robust and unbiased.

In the Participants Section, 32 studies were flagged as having low risk of bias (68%),
whilst 15 studies were flagged as having unclear risk/some concerns (32%). In the Predic-
tors Section, 23 studies were flagged as having low risk of bias (49%), 16 studies flagged
as having unclear risk/some concerns (34%), and 8 studies flagged as having high risk
(17%). In the Outcome Section, 18 studies were flagged as having low risk of bias (38%),
16 as having unclear risk/some concerns (34%), and 13 as having high risk (28%). In the
Analysis Section, 3 studies were flagged as having low risk of bias (6%), 15 studies flagged
as having unclear risk/some concerns (32%), and 29 flagged as having high risk (62%).

3. Results

This review encompasses 47 studies published between 2016 and 2025, including
a total of 26,038 patients with a median of 269 patients per study, ranging from 30 to
2786 patients (Table 1).

Table 1. An overview of the studies analyzed is presented.

Year of publishing (range) 2016-2025
Total number of patients 25,790
Median number of patients 268
Number of patients per study (range) 30-2786

Among the 47 studies, the three most common primary tumor types were breast
cancer, lung cancer and prostate cancer, reported in 33 (70.2%), 32 (68.1%), and 23 (48.9%)
studies, respectively (Table 2 and Figure 2). In contrast, neuroendocrine tumors, bladder
cancer and esophageal cancer were the least common, each reported in three (6.4%), three
(6.4%), and four (8.5%) studies, respectively (Table 2).

Five of the forty-seven studies reported AUC values for the established models during
training of the model (Table 3), eighteen for internal validation (Table 4), and fourteen for
external validation (Table 5).

The weighted average AUC value among the five studies that reported AUC values
and corresponding 95% confidence intervals for the training of the established models is
0.762 (95% CI: 0.704-0.717). Wherever 95% confidence intervals were not reported, the
weighted average of the reported 95% confidence intervals was used.
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Table 2. The frequency of primary tumor types is shown. Studies analyzing multiple primary tumor
types have been included in all applicable categories.

Primary Tumor Type Number of Studies (Percentage)
Breast cancer 33/47 (70.2%)
Lung cancer 32/47 (68.1%)
Prostate cancer 23/47 (48.9%)
Esophageal cancer 4/47 (8.5%)
Bladder cancer 3/47 (6.4%)
Neuroendocrine tumors 3/47 (6.4%)
100
90
80
70
60
50
40
30
20
10
0
Breast cancer Lung cancer  Prostate  Renal cancer Liver cancer  Thyroid Colorectal Others
cancer cancer cancer

Figure 2. The percentage of how many studies feature specific primary tumor types is presented.

Table 3. AUC (training of each study’s best model).

Study Output/Prediction Best-Performing Model AUC 95% CI

Hidden blood loss in spinal

Zhao et al. (2024) [6] metastasis surgery MRI-Based Radiomics 0.784 -
Bakhsheshian Mortality Machine Learning Model using ECI 0.788 -
etal. (2022) [7] Medical complications ! and Frailty 0.723 -
Massaad et al. l-year mortality Machine Learning Model using 073 0.67-0.78

(2022) [8] Body Composition and NESMS 2

Response of osteolytic metastases to

Shi et al. (2022) [9] chemotherapy

Radiomics (T2WI + ADC,y) 0.908 0.86-0.96

Massaad et al.

. . . 3 -
(2021) [10] Postoperative complications Random Forest to develop MSTFI 0.62 0.56-0.68

The AUC and corresponding 95% confidence interval of studies reporting AUC values for the established
radiomics models for the training of the model is presented. 1 = Elixhauser Comorbidity Index, 2 = New England
Spinal Metastasis Score, 3 = Metastatic Spinal Tumor Frailty Index.
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Table 4. AUC (internal validation of each study’s best model).

Study Output/Prediction Best-Performing Model AUC 95% CI
Santipas et al Complications after
(2021::1) 1] : cervical spine Gradient Boosting 0.939! 0.8732 - -
metastases surgery
Cuictal Postoperative Ensemble Machine Learning
’ g P combining LR ®, eXGBM 7, SVM 8, 09111 0.854-0.968 !
(2024) [12] ambulatory status REY NN 10 and DT 11
30-day preogeratlve Gradient Boosted Trees 0.771 -
VTE
90-day \P}rreg perative Support Vector Machine 0.721 -
Santipas et al.
2024) [13 - i
(2024) [13] 30-day pOStq erative Gradient Boosted Trees 0711 -
VTE
90-day postoperative Support Vector Machine 0.681 -
VTE
90-day survival CatBoost 0.750! 0.7582 - -
Santi tal.
?;012154’35[ 1e 4]a 180-day survival XGBoost 0.7261 0.7442 - -
365-day survival XGBoost 0.7311 0.6932 -
Shi et al. (2024) Massive intraoperative XGBoosting machine (XGBM; 5 5
[15] blood loss Machine Learning) 0.857 0.827-0.877
Zhaoetal. . I 5 5
(2024) [6] Hidden blood loss MRI-Based Radiomics 0.744 0.576-0.914
92—;;};&?5;013;33:9 Decision Tree 0.9411 -
Chavalparit et al. Y
2023) [1 - i
(2023) [16] 180-day postoperative Extreme Gradient Boosting 0.8521 -
ambulatory status
Chen et al Treatment outcome
; after stereotactic body Gaussian Processes 0.828! -
(2023) [17] RT 12
Gaoetal. Severe psychological Gradient Boosting Machine (Machine 2 2
(2023) [18] distress Learning) 0.865 0.788-0.941
Grading metastatic
epidural spinal cord ) .
compression (Bilsky Separated Window Learning (Max 0.9712 0.961-0.9812
- fusion model)
grading (normal/low
. versus high)
Hallinan et al.
(2022) [19] Grading metastatic
epidural spinal cord Se . .
: . parated Window Learning 2 9 2
compression (Bilsky (Spine-window) 0.924 0.910-0.938
grading (normal
versus low /high)
Jabehdar Response followin,
Maralani et al. stergotactic bod R% Decision Tree 0.9231 0.9592 - -
(2022) [20] y
Karhade et al. . Elastic-net penalized logistic 1 2 1 5
(2022) [21] 6-week mortality regression 0.85 0.84 0.84-0.86 0.80-0.88
Shietal Response of osteolytic
. metastases to Radiomics (FST2WI + ADC,;) 0.8732 0.78-0.96 2
(2022)[°] chemotherapy
Risk of vertebral
Guietal. compression fracture 1 1
(2022) [22] after stereotactic body Random Forest 0.878 0.832-0.924
RT 12
Massaad et al. Postoperative 3 4 4
(2021) [10] complications Random Forest to develop MSTFI 0.69 0.66-0.73
Karhade etal. g . Bayes Point Machine (Machine 1 2 B ~
(2019) [23] 30-day mortality Learning) 0.786 0.782
_ . 1 2 — 1 -
Kgglagc;fi 2ezi]al. 90-day mortality Stochastic gradient boosting 0.83 0.83 0.81-0.85
1-year mortality 0.851! 0.892 0.83-0.87! -
30-day survival 091! 0.752 0.86-0.95! 0.60-0.89 2
Paulino Pereira ; Boosting
etal. (2016) [25] 90-day survival Algorithm Nomogram 0.861 0.732 0.83-0.90! 0.63-0.83 2
1-year survival 0.841 0.752 0.80-0.87! 0.67-0.842

The AUC and corresponding 95% confidence interval of studies reporting AUC values for the established
radiomics models for internal validation of the model is presented. 1 = k-fold cross validation, 2 = split sample
internal validation, 3 = Metastatic Spinal Tumor Frailty Index, 4 = Internal Bootstrap Validation, 5 = venous
thromboembolism, 6 = Logistic Regression, 7 = Extreme Gradient Boosting Machine, 8 = Support Vector Machine,

9 = Random Forest, 10 = Neural Network, 11 = Decision Tree, 12 = Radiotherapy.
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Table 5. AUC (external validation of each study’s best model).

Study Output/Prediction Best Performing Model AUC 95% CI
Cuietal. (2024) [12] Postoperative ambulatory Ensemble Machine Learning combining LR 2, eXGBM 3, SVM ¢, 0.873 0.809-0.936
' status RF° NN°and DT’ 0.924 0.890-0.959
90-day mortality 0.85 0.83-0.87
Fenn et al. (2024) [26] Machine Learning Algorithm (SORG-MLA)
1-year mortality 0.87 0.85-0.89
6-week survival 0.84 0.78-0.89
Huang et al. (2024) [27] 90-day survival Machine Learning Algorithm (SORG-MLA) 0.84 0.79-0.90
1-year survival 0.77 0.73-0.80
42-day survival 0.69 0.63-0.74
Pan et al. (2024) [28] 90-day survival Machine Learning Algorithm (SORG-MLA) 0.72 0.66-0.77
1-year survival 0.70 0.61-0.78
Shietal. (2024) [15] Massive intraoperative blood XGBoosting machine (XGBM; Machine Learning) 0.809 0.778-0.860
loss for spinal metastases
90-day survival Machine Learning Algorithm (SORG-MLA) 0.743 0.666-0.817
180-day survival Machine Learning Algorithm (Revised Katagiri) 0.761 0.696-0.826
Lietal. (2023)[29] ; . . ;
1-year survival Machine Learning Algorithm (SORG-MLA) 0.787 0.730-0.838
2-year survival Machine Learning Algorithm (Revised Katagiri) 0.779 0.747-0.811
; 1
6-week survnl/al after RT 0.77 0.74-0.79
Suetal. (2023) [30] only Machine Learning Algorithm (SORG-MLA)
6-week survival after surgery 0.84 0.79-0.90
90-day mortality 0.714 0.589-0.839
Zhong et al. (2023) [31] Lyear mortality Machine Learning Algorithm (SORG-MLA) 0.832 0.758-0.906
Karhade et al. (2022) [21] 6-week mortality Elastic-net penalized logistic regression 0.82 0.78-0.85
90-day survival 0.78 0.76-0.80
. Machine Li ing Algorith RG-MLA
Yen et al. (2022) [32] Lyear survival achine Learning Algorithm (SORG ) 076 074-078
90-day mortality 0.84 0.79-0.89
Shah et al. (2021) [33] I-year mortality Machine Learning Algorithm (SORG-MLA) 0.90 0.86-0.93
90-day mortality 0.73 0.67-0.78
Yang et al. (2021) [34] B Machine Learning Algorithm (SORG-MLA)
1-year mortality 0.74 0.69-0.79
90-day mortality 0.81 0.74-0.87
B 1. (202 Machine L ing Algorith RG-MLA
ongers et al. (2020) [35] L-year mortality achine Learning Algorithm (SORG ) 0.84 0.77—0.89
90-day mortality 0.81 0.70-0.89
. Machine Learning Algorithm (SORG-MLA
Karhade et al. (2020) [36] Lyear mortality achine Learning Algorithm ( ) 078 0.67—0.87

The AUC and corresponding 95% confidence interval of studies reporting AUC values for the established
radiomics models for external validation of the model is presented. 1 = Radiation Therapy 2 = Logistic Regression,
3 = Extreme Gradient Boosting Machine, 4 = Support Vector Machine, 5 = Random Forest, 6 = Neural Network, 7
= Decision Tree.

The weighted average AUC value among the 18 studies that reported AUC values and
corresponding 95% confidence intervals for internal validation of the established models
is 0.876 (95% CI: 0.871-0.881). Wherever 95% confidence intervals were not reported, the
weighted average of the reported 95% confidence intervals was used.

The weighted average AUC value among the eight studies that reported AUC values
and corresponding 95% confidence intervals for external validation of the established
models is 0.810 (95% CI: 0.803-0.816).

Meta-Analysis of the SORG-MLA Model

The pooled AUC of the SORG-MLA model for 90-day survival was 0.79 (95% CI:
0.75-0.82) and for 1-year survival 0.80 (95% CI: 0.75-0.85). The prediction intervals ranged
from 0.65 to 0.88 and from 0.62 to 0.91, respectively. Figures 3 and 4 are forest plots of the
90-day survival and 1-year survival.
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4. Discussion

The integration of artificial intelligence (Al) into clinical oncology is revolutionizing
the care of patients with spinal metastases. Here, data were combined from 47 studies
with a pool of >25,000 patients with a range of models presented for a breadth of clinical
applications, from predicting surgical mortality and complications to estimating occult
blood loss and assessing perioperative functional status. The heterogeneity of use-cases
highlights the versatility of Al for addressing different facets of managing spinal metas-
tases. Notably, prediction models demonstrated strong discriminative performance with
pooled AUC values of 0.762, 0.876, and 0.810 for training, internal, and external valida-
tion, respectively, supporting the reasonable accuracy and generalizability of these models
across multiple datasets (Tables 3-5). Additionally, the predominance of certain primary
tumor types, including breast, lung, and prostate, within the included studies reflects their
real-world contribution to spinal metastases. While this focus ensures relevance to a large
patient population, it also raises questions about generalizability of these models to rarer
malignancies which might be underrepresented, including neuroendocrine or esophageal
sources. There is a need for more balanced datasets and the inclusion of between- and
within-subgroup analyses to account for tumor-type-specific variability in outcomes and
treatment response.

Reproducibility remains a fundamental challenge in radiomics-based models due to
variability in image acquisition protocols, reconstruction parameters, and scanner types
across institutions. These inconsistencies can substantially alter extracted radiomic features,
thereby affecting model performance when applied outside the development cohort [37].
Our review noted that only a minority of studies implemented harmonization techniques
such as image resampling, intensity normalization, or ComBat-based feature adjustment,
which aim to mitigate site-specific variability. The lack of standardization across studies
limits generalizability and may contribute to overfitting or unstable performance in external
validation cohorts [37]. Future research should prioritize standardized radiomics pipelines
and transparent reporting of acquisition parameters to enable reliable replication and
multi-center deployment of radiomics-based predictive tools.

Crucially, survival prediction emerged as the most extensively studied application of
Al in spinal metastasis, with several model algorithms, especially those developed by the
Skeletal Oncology Research Group (SORG), subject to both internal and international exter-
nal validation. The consistent performance of these models across different populations
and healthcare infrastructures supports their utility as decision-support tools [23,24,30,33].
For instance, models predicting 90-day and 1-year mortality yielded AUCs approaching or
exceeding 0.84 in many studies, making a strong case for these tools to be used in preoper-
ative planning or when evaluating eligibility for aggressive intervention [21,23,24,35,36].
Despite this, all studies that externally evaluated the SORG-MLA were retrospective in
their design, thereby limiting the real-world significance of the pooled AUCs. Therefore,
the realization of real-world impact studies is encouraged to assess clinical endpoints such
as changes in treatment decisions and improved survival.

Although Al models’ prognostic abilities in spinal metastases have shown promise, the
discipline is still struggling with the crucial problems of interpretability and explainability.
The safe and moral incorporation of Al into healthcare decision-making depends on these
factors. The fact that many of the evaluated research rely on opaque, sophisticated algo-
rithms, including deep neural networks and ensemble-based models like XGBoost, random
forest, CatBoost, or Gaussian processes, without providing clear reasoning routes, is a
major drawback [12,13,15,17,18,20,21]. A model must be interpretable in order to promote
patient acceptance, clinician trust, and regulatory compliance in the therapeutic setting,
where decisions have significant consequences [3,10].
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Figure 3. A Forest plot of the meta-analysis of the AUC for the SORG-MLA model for 90-day survival
is shown. The AUC and 95% Confidence Intervals of each independent model validation are depicted.
The diamond represents the pooled AUC along with a 95% Confidence Interval. A prediction interval
is presented [26-29,31-36].
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Figure 4. Forest plot of the meta-analysis of the AUC for the SORG-MLA model for 1-year survival.
The AUC and 95% Confidence Intervals of each independent model validation are depicted. The
diamond represents the pooled AUC along with a 95% Confidence Interval. A prediction interval is
presented [26-29,31-36].

Because it is difficult to understand how input features affect predictions, there is ris-
ing worry that “black box” models might be dangerous for patient care [10,15,17]. However,
only a small percentage of the papers we examined used explainable AI (XAI) methods
to help physicians and stakeholders understand the model’s logic, such as SHAP (Shap-
ley Additive Explanations), LIME (Local Interpretable Model-Agnostic Explanations), or
decision-path visualizations. For example, there was little investigation into the methods
by which high-performing models created with random forest [10,22], support vector
machines [13], and deep learning [19] arrived at their predictions.
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Adoption in multidisciplinary decision-making settings [5], when physicians are held
responsible for defending treatment decisions, may be constrained by this lack of openness.
It will be crucial to include model interpretability tools (such as attention heatmaps and
feature significance plots) into upcoming development workflows. Al in spine cancer
cannot be meaningfully implemented without clinician-centered design, explainable model
architecture, and cross-validation across a variety of datasets [3,25].

Adoption and clinical implementation of Al models is largely dependent on the ease
of use and availability of such models. We identified six studies [12,15,21,23,24,27] that
deployed a user-friendly platform, i.e., web-based applications. Of these studies, only two
web-based applications [21,24] were working trouble-free at the time of the creation of
this manuscript. The two functioning applications represent the SORG-MLA at different
time points, which have been integrated into one website [24]. Such availability builds
the foundation on which clinical uptake and regular usage is dependent. Therefore, more
models should be made readily available by deploying them via user-friendly platforms,
such as websites, mobile apps etc.

5. Limitations

We have now added a specific Limitations Section to offer a thorough and open evalu-
ation of the limitations of this research. Regarding data preparation, outcome definitions,
validation methods, and reporting standards, the included studies exhibit methodological
variability. To reduce direct cross-comparability of model performance, for example, some
research used split-sample validation or no validation at all, while others used k-fold
cross-validation [14,15,21].

Second, there is significant worry about demographic and regional bias across datasets.
The bulk of training cohorts come from middle- to high-income nations like China, Taiwan,
and the United States [21,30,31,34], which can restrict the applicability of Al tools to
underrepresented groups or environments with limited resources. International external
validation studies are available [31,33,34], but few of them specifically address equality,
cultural adaptability, or the diversity of healthcare systems when using Al Further external
validation should thus be carried out to ensure applicability and global generalizability
of existing models. Ethnic or racial biases are addressed in some studies; however, the
homogenous nature of many validation cohorts does not allow for adequate distinctions of
model performance between different ethnic or racial groups to be made. Future models
should therefore be trained on a heterogenous pool of patients to account for cultural,
ethnic, racial, and socioeconomic differences.

Third, while some models showed good discrimination metrics (AUCs > 0.85), we
were unable to fully evaluate the clinical value of these tools since calibration metrics and
decision-curve analysis were seldom published [23,25,32]. It is noteworthy that the majority
of models are still in the research realm and have not yet been included into real-time
clinical decision processes or electronic health records (EHRs2). The limited number of
studies that documented attempts to create web-based apps or clinician-facing tools [15,38]
limited its translational preparedness.

Lastly, the examined literature still lacks sufficient attention to ethical and practical
concerns, such as patient privacy, data completeness, interpretability, and openness. For
instance, in several studies, missing variables (such as albumin or lymphocyte counts)
deteriorated model performance [27], but few models included flexible topologies or robust
imputation to deal with such uncertainty. Future multicenter, prospective, inclusive studies
that assess the practical performance, equity, and stakeholder acceptance of Al tools in
spinal cancer are desperately needed, as these data highlight.

100



J. Clin. Med. 2025, 14, 5885

6. Conclusions

Al has the potential to advance spinal metastasis care in the domains of outcome
prediction and risk stratification and thus enhance precision medicine and streamline
clinical workflow to improve patient outcomes. If rigorously validated and ethically
deployed, Al has the potential not just to predict outcomes but to transform spinal oncology
into a more personalized, equitable, and data-driven discipline. As Al continues to evolve
within spinal oncology, its success will depend not only on predictive accuracy but also
on transparency, interpretability, and ethical deployment. Future models must prioritize
explainability to foster clinician trust, support informed consent, and ensure equitable care
across diverse patient populations.
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Abstract: Background: Spinal metastasis is the third most common site for metastatic local-
ization, following the lung and liver. Manual detection through imaging modalities such
as CT, MRI, PET, and bone scintigraphy can be costly and inefficient. Preliminary artificial
intelligence (AI) techniques and computer-aided detection (CAD) systems have attempted to
improve lesion detection, segmentation, and treatment response in oncological imaging. The
objective of this review is to evaluate the current applications of Al across multimodal imaging
techniques in the diagnosis of spinal metastasis. Methods: Databases like PubMed, Scopus,
Web of Science Advance, Cochrane, and Embase (Ovid) were searched using specific key-
words like ‘spine metastases’, ‘artificial intelligence’, ‘machine learning’, ‘deep learning’, and
‘diagnosis’. The screening of studies adhered to the PRISMA guidelines. Relevant variables
were extracted from each of the included articles such as the primary tumor type, cohort size,
and prediction model performance metrics: area under the receiver operating curve (AUC),
accuracy, sensitivity, specificity, internal validation and external validation. A random-effects
meta-analysis model was used to account for variability between the studies. Quality assess-
ment was performed using the PROBAST tool. Results: This review included 39 studies pub-
lished between 2007 and 2024, encompassing a total of 6267 patients. The three most common
primary tumors were lung cancer (56.4%), breast cancer (51.3%), and prostate cancer (41.0%).
Four studies reported AUC values for model training, 16 for internal validation, and five for ex-
ternal validation. The weighted average AUCs were 0.971 (training), 0.947 (internal validation),
and 0.819 (external validation). The risk of bias was the highest in the analysis domain, with
22 studies (56%) rated high risk, primarily due to inadequate external validation and overfit-
ting. Conclusions: Al-based approaches show promise for enhancing the detection, segmen-
tation, and characterization of spinal metastatic lesions across multiple imaging modalities.
Future research should focus on developing more generalizable models through larger and
more diverse training datasets, integrating clinical and imaging data, and conducting prospec-
tive validation studies to demonstrate meaningful clinical impact.

Keywords: artificial intelligence (Al); spinal metastasis; diagnostic imaging; deep learning;
convolutional neural networks (CNNs); radiomics; machine learning
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1. Introduction

Spinal metastasis represents the third most common site for metastatic localization,
following the lung and the liver [1]. Nearly 70% of the primary breast and prostate tumors
are metastasized to the axial skeleton due to its high red marrow content which can in
turn lead to a spectrum of clinical manifestations and immensely impact a patient’s quality
of life. Complications include pathological fractures, spinal cord compression, spinal
deformity, and reduced mobility and neurological deficits, which can progress and be
irreversible without early treatment [2]. Therefore, early detection and diagnosis play
a pivotal role in clinical practice [3]. Advanced imaging techniques such as computed
tomography (CT), magnetic resonance imaging (MRI), positron emission tomography
(PET), and bone scintigraphy are typically used in assessing osseous metastases. The
sensitivity and specificity of CT, MRI, PET and bone scintigraphy are reported to be 79.2%
and 92.3%, 94.1% and 94.2%, 89.8% and 63.3%, and 80.0% and 92.8%, respectively [4].

The detection of spinal metastasis through these various imaging modalities is of-
ten time-consuming and challenging. Recently, preliminary artificial intelligence (AI)
techniques and computer-aided detection (CAD) software systems have been applied in
medical imaging applications, particularly in oncological imaging [5]. The use of machine
learning techniques such as radiomics-based feature analysis and convolutional neural
networks (CNNs) have been studied for lesion detection, segmentation, and treatment
response [6]. Radiomics, in principle, is capable of extracting subtle features from images
beyond those inferable to the human eye, but one disadvantage is that it requires the
extraction of handcrafted features [7]; however, this can potentially be circumvented by
employing deep learning techniques which learn important imaging features for classifica-
tion through a hierarchical architecture, as demonstrated by CNN. Thus, automated lesion
detection could potentially improve sensitivity for detecting bone metastases [8,9].

However, the field of Al has progressed rapidly in recent years, and the application of
Al in spinal metastasis detection remains nascent. The objective of this article is to review
the various Al models utilizing multimodal imaging techniques to detect spinal metastasis.

2. Materials and Methods
2.1. Ethical Review

Ethical review and approval were waived for this study due to it being a systematic re-
view of previously published data and did not involve human participants or the collection
of new data.

2.2. Search Strategy

We searched PubMed, Scopus, Web of Science Advance, Cochrane, and Embase
(Ovid) databases to identify relevant studies, using a search query with specific keywords
like ‘spine metastases’, ‘artificial intelligence’, ‘machine learning’, ‘deep learning’, and
‘diagnosis” (Supplementary Table S1). The population under consideration included adults.
The objective was to identify studies reporting the use of AI/DL models in predicting
diagnosis and image analysis in spine metastases.

Irrelevant articles, such as studies unrelated to spinal metastases and those purely
investigating primary spinal tumors, were excluded. Animal studies, reviews, and non-
original research articles were also excluded from our analysis to ensure the inclusion of
primary research data relevant to our objective. The electronic search ranged from the
period’s earliest available date up to 27 January 2025 [8].
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2.3. Screening of Studies

Each study’s title and abstract were screened for relevance before proceeding to full-
text screening, which was independently assessed by two reviewers (P.G. and V.S.). Any
discrepancies were addressed through consultation with a third reviewer (5.H.). The
screening of studies adhered to the PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses) guidelines (Figure 1).

]' Identification of studies via databases and registers |

- Records identified from: 304 Records removed before
=] Databases (n =5) screening:
§ PubMed - 3 Duplicate records removed (n
= Scopus — 120 IS i =166)
g EMBASE - 93 Records marked as ineligible
3 Web of Science — 83 by automation tools (n =0)
= Cod_1rane -5 Records removed for other
Registers (n=0) reasons (n =0)
| S
Records screened »| Records excluded
(n=138) (n=23)
v
Reports sought for retrieval Reports not retrieved
> (n=115) | (n=0)
'§
: :
n
Reports assessed for eligibility Reports excluded: 76
(n=115) — > Reason 1: Studies related to
Molecular and Genetic
signatures (n = 11)
Reason 2: Studies related to
Complications (n = 47)
Reason 3: Non-Al based
) Study (n =6)

Reason 4: Wrong Study
Population (n =4)

Reason 5: Inadequate Study
Size (n=2)

Reason 6: Non-Metastatic
Tumors (n = 5)

Reason 7: Duplicates (n=1)

Studies included in Systematic
Review: 39

Figure 1. PRISMA flow diagram. A PRISMA flow diagram is presented to illustrate the screening of
studies leading to 39 studies being included in the systematic review.

2.4. Data Extraction

Three independent authors (P.G., V.S., and A.T.) extracted relevant data from the
included studies. The data collected included study design, participant demographics, and
the number of participants with respective outcomes and complications. Discrepancies in
data extraction were resolved through consensus [8].

2.5. Data Analysis

Relevant variables were extracted from each of the included articles such as the
primary tumor type, cohort size, prediction model performance matrices—area under the
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receiver operating characteristic curve (AUC)—and type of validation (internal or external
validation). The weighted average of the AUC was calculated. All statistical analyses were
conducted using Excel, R Statistical Software, version 4.3.1, and Python, version 3.13.3.

2.6. Quality Assessment

The quality assessment was performed using the PROBAST (Prediction model Risk of
Bias Assessment Tool (Figure 3 and Figure 4).

PROBAST is designed for assessing the risk of bias and applicability in studies
that develop, validate, or update predictive models. It is a structured tool that assesses
four domains:

Participants: Evaluating whether the data sources or patient samples used for train-
ing and testing are appropriate and representative of the clinical population. Predictors:
Ensuring that input data or predictors are well defined and appropriately measured.
Outcome: Ensuring that the outcomes (e.g., model predictions, decisions) are clearly
defined and relevant to clinical scenarios. Analysis: Evaluating whether the model perfor-
mance metrics, training/validation processes, and statistical analysis methods are robust
and unbiased.

3. Results

This review encompasses 39 studies published between 2007 and 2024, includ-
ing a total of 6267 patients with a median of 88 patients per study, ranging from 3 to
941 patients. Model performance metrics included AUC, accuracy, sensitivity, specificity,
internal validation, and external validation. AUC was most commonly reported, which
is why we focused our analysis on that. Out of the 39 studies, 9 reported the number of
lesions observed in their study cohorts, with a median of 137 lesions per study. Out of the
39 studies, 12 reported the number of scans performed, with a median of 405.5 scans per
study (Table 1).

Table 1. An overview of the studies analyzed is presented, showcasing a set of heterogeneous studies
published between 2007 and 2024.

Year of publishing (range) 2007-2024
Total number of patients 6267
Median number of patients 88
Number of patients per study (range) 3-941
Median number of lesions 137
Median number of scans 405.5

Among the 39 studies, the three most common primary tumor types were lung cancer,
breast cancer, and prostate cancer, as reported in 22 (56.4%), 20 (51.3%), and 16 (41.0%)
studies, respectively (Table 2 and Figure 2). In contrast, neuroendocrine tumors, bladder
cancer, and sarcoma were the least common, each reported in two (5.1%), three (7.7%), and
three (7.7%) studies, respectively (Table 2). In addition, we also analyzed the primary data
modalities used to train and validate the Al models across all 39 studies. Out of the 39
studies included in our systematic review, 20 studies (51.3%) used magnetic resonance
imaging (MRI) as the primary data source for their models. In comparison, 17 studies
(43.6%) utilized computed tomography (CT), whereas the two remaining studies were
based on non-imaging data, such as clinical text for a large language model (LLM) or
clinical variables for survival prediction [10,11].
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Table 2. The frequency of primary tumor types is shown. Lung cancer proved to be the most common
type of cancer analyzed, whereas neuroendocrine tumors were the least common.

Primary Tumor Type Number of Studies (Percentage)
Lung cancer 22/39 (56.4%)
Breast cancer 20/39 (51.3%)
Prostate cancer 16/39 (41.0%)
Bladder cancer 3/39 (7.7%)
Sarcoma 3/39 (7.7%)
Neuroendocrine tumors 2/39 (5.1%)
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Figure 2. Percentage of studies featuring primary tumor types. The percentage of how many studies
feature specific primary tumor types is presented. A wide variety of different cancer types were
analyzed in the studies included with lung cancer and breast cancer being represented most often.

Among the 39 studies, 4 reported AUC values for the established models from the
training of the model (Table 3), 16 reported AUC values for the established models from
an internal validation (Table 4) and five studies reported AUC values from an external
validation (Table 5).

Table 3. The AUC (training of each study’s best model) and corresponding 95% confidence interval
of studies reporting AUC values for the established radiomics models for the training of the model is
presented. Three of four studies yielded an AUC of >0.93. | = Magnetic resonance imaging.

Study Output/Prediction Best Performing Model AUC

95% CI

Wang et al. (2024) [12]

Prediction of vertebral
volumetric bone
mineral density in
spinal metastases

Deep learning (3DResUNet) 0.977

0.970-0.984

Identification of origin

Duan et al. (2023) [13] for spinal metastases Deep learning 0.94

from MRI !
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Table 3. Cont.

Study Output/Prediction Best Performing Model AUC 95% CI
Differentiating spinal
Zhang et al. (2023) [14] metastases from Radiomics nomogram 0.856 0.804-0.907
multiple myeloma
Differentiating spinal Radiomics
Liu et al. (2022) [15 metastases from 0.94 -
(2022) [15] : (2EPV-CFS-model)
multiple myeloma
Table 4. The AUC (internal validation of each study’s best model) and corresponding 95% confidence
interval of studies reporting AUC values for the established radiomics models for the internal
validation of the model is presented. AUCs range from 0.76 to 1.00. ! = split sample internal
validation, 2 = k-fold cross validation, > = Computer tomography, 4 = Bagging combined with
a REPTree.
Study Output/Prediction Best Performing Model AUC 95% CI
Uncertainty quantification in Ensemble Monte Carlo
Ahn etal. (2024) [16] automated detection of dropout (EMCD; deep 093! -
vertebral metastasis learning model)
Prediction of vertebral Deep learning
i i 1 1
Wang et al. (2024) [12] dvolpmfatrlc ]oone mineral (3DResUNet) 0.966 0.944-0.988
ensity in spinal metastases
Identification of origin for . 2
Duan etal. (2023) [13] spinal metastases from MRI ! Deep learning 0.76 -
Differentiating spinal Multiscale vision
Duan etal. (2023) [17] tuberculosis and transformers V2 0.982 -
spinal metastases (MVITV2)
. e Deep learning-based
Koike et al. (2023) [18] Detizct‘mn and. cla551f1c‘at10n of computer-aided 0.9411 -
ytic-dominant lesions d .
etection system
Differentiating solitary
Lietal. (2023) [19] metastasis and solitary Radiomics nomogram 0.9802 0.9241 0.959-0.995 2 0.693-0.916 1
primary tumor
Liu etal. (2023) [20] Pre:dict_ion o_f primary tumor ResNet-50 CNN 0772 ~
sites in spinal metastases (deep learning)
Differentiating spinal osteolytic XGBoost with
Shi et al. (2023) [21] metastases from multiparameter DECT 1.002 0.971 - -
multiple myeloma (mpDECT)
Differentiating spinal
Zhang et al. (2023) [14] metastases from multiple Radiomics nomogram 0.8531 0.764-0.919 !
myeloma
Differentiating spinal atti\:{lggri{‘gime d
; - 2 2
Chen etal. (2022) [22] metastases from multiple network (MAGN; deep 0.785 0.682-0.888
myeloma 1 .
earning Model)
Differentiating spinal Radiomics
. : 2 .
Liuetal. (2022) [15] metastases from multiple (SEPV-16-model) 0.85
myeloma
Liuetal. (2022) [23] Differentiating osteolytic from Radiomics 0.822 0.71-0.932
osteoblastic spinal metastases
Automating treatment planning . ~
Netherton et al. (2022) [24] for diagnostic and simulation Deep learning (U-Net+) 0.822 -
CT3 scans and random forest
. Spinal lesion Radiomics and machine 1
Chianca etal. (2021) 2] differential diagnosis learning (BaggedREPT *) 0-90 .
e o Deep learning—logistic
Filograna etal. (2019) [26]  entification of most significant regression model 09122 0.829-0.9942
predictors of metastasis . .
(T2-weighted images)
Detection of sclerotic Deep
Roth etal. (2015) [27] learning—two-tiered 0.8342 -

spine metastases

cascade framework
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Table 5. The AUC (external validation of each study’s best model) and corresponding 95% confidence
interval of studies reporting AUC values for the established radiomics models for the external
validation of the model is presented. AUCs range from 0.75 to 0.95. ! = bagging combined with

a REPTree.
Study Output/Prediction Best Performing Model AUC 95% CI
90-day survival ; : : 0.81 0.77-0.86
Zijlstra et al. (2024) [11] y Machine learning algorithm
1-year survival (SORG-MLA) 0.75 0.71-0.80
Differentiating spinal . .
. Multiscale vision transformers
Duan et al. (2023) [17] tuberculosrs and V2 (MVITV?2) 0.95 -
spinal metastases
Identification of origin
Duan et al. (2023) [13] for spinal metastases Deep learning 0.76 -
from MRI !

Differentiating spinal
Zhang et al. (2023) [14] metastases from Radiomics nomogram 0.762 0.605-0.751
multiple myeloma

Spinal lesion Radiomics and machine learning

Chianca etal. (2021) [25] differential diagnosis (BaggedREPT 1)

0.89 -

The weighted average AUC value among the four studies that reported AUC values
and the corresponding 95% confidence intervals for the training of the established models
is 0.971 (95% CI: 0.965-0.978). Wherever 95% confidence intervals were not reported, the
weighted average of the reported 95% confidence intervals was used.

The weighted average AUC value among the 16 studies that reported AUC values and
the corresponding 95% confidence intervals for the internal validation of the established
models is 0.947 (95% CI: 0.935-0.958). Wherever 95% confidence intervals were not reported,
the weighted average of the reported 95% confidence intervals was used.

The weighted average AUC value among the five studies that reported AUC values
and the corresponding 95% confidence intervals for the external validation of the estab-
lished models is 0.819 (95% CI: 0.797-0.840). Wherever the 95% confidence intervals were
not reported, the weighted average of the reported 95% confidence intervals was used.

3.1. Risk of Bias Assessment

The risk of bias (Figure 3) and applicability (Figure 4) concerns of the 39 included
studies were evaluated using the PROBAST tool, focusing on Al-based predictive models
for spinal metastasis diagnosis and image analysis. In the participants domain, 32 studies
(82%) demonstrated low risk of bias, with appropriate patient selection and representative
cohorts, while five (13%) had high risk and two (5%) had unclear risk, primarily due
to the small sample sizes or non-representative populations. For the predictors domain,
28 studies (72%) exhibited low risk with well-defined imaging features, whereas seven
(18%) had high risk and four (10%) had unclear risk, often linked to inconsistent feature
extraction or unclear predictor definitions. The outcome domain revealed greater variability,
with 20 studies (51%) at low risk, 15 (38%) at high risk, and four (10%) at unclear risk; high-
risk studies frequently lacked standardized reference standards for metastasis diagnosis
or suffered from subjective outcome assessment. The analysis domain presented the most
significant concerns, with only 12 studies (31%) at low risk, 22 (56%) at high risk, and five
(13%) at unclear risk. Common issues included inadequate external validation, overfitting,
and the poor handling of missing data, undermining model reliability and generalizability.
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Bias introduced by selection of participants

Bias introduced by predictors or their assessment

Bias introduced by the outcome or its determination

Bias introduced by the analysis

Overall risk of bias

0% 50% 100%

. Low risk |:| Unclear / Some concerns . High risk

Figure 3. A risk of bias analysis is presented.

Applicability concern regarding the included participants and setting
Applicability concern regarding the definition, assessment or timing of prediction

Applicability concern regarding the outcome, its definition, timing or determination

Overall applicability concern

0% 50% 100%

. Low concern D Unclear / Some concerns

Figure 4. An applicability analysis of the studies included is presented.

Regarding applicability, 35 studies (90%) had low concerns in the participants domain,
33 (85%) in the predictors domain, and 30 (77%) in the outcome domain, indicating rel-
evance to the review’s focus on spinal metastasis imaging. However, high applicability
concerns in a minority of studies arose from niche cohorts (e.g., specific tumor subtypes)
or experimental imaging modalities not widely translatable to clinical practice. Overall,
15 studies (38%) were deemed to have high risk of bias in at least one domain, predomi-
nantly the analysis domain, highlighting critical limitations in the current evidence base
that may overestimate model performance and warrant the cautious interpretation of
reported outcomes.

3.2. Temporal Overview of Included Studies

The 39 included studies were stratified into two temporal groups: those published
before 2020 (n = 9) and those published from 2020 onward (n = 30). This analysis revealed
a substantial acceleration in research output, with 77% of the studies in this review being
published since the beginning of 2020, reflecting rapid advancements in deep learning and
computational resources in recent years.
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4. Discussion

This systematic review examined 39 studies published between 2007 and 2024, provid-
ing a comprehensive evaluation of artificial intelligence applications in spinal metastasis
imaging. The findings demonstrate relatively high-performance metrics across various Al
methodologies, with weighted average AUC values of 0.971, 0.947, and 0.819 for training,
internal validation, and external validation, respectively. These results overall suggest diag-
nostic potential while highlighting the expected performance drop during validation phases
that warrant further consideration. Furthermore, our analysis reveals that deep learning ap-
proaches have become increasingly prevalent, with convolutional neural networks (CNNs)
and their architectural variants representing the dominant methodologies. This trend aligns
with broader developments in medical imaging, where deep learning has demonstrated
particular efficacy in semantic segmentation tasks—delineating both vertebral structures
and metastatic lesions with precision approaching expert radiologists [28].

Our findings are consistent with a recent meta-analysis, like Papalia et al. [29] and
Tao et al. (2025) [30], with the latter reporting pooled sensitivity and specificity values of
0.88 [0.82-0.92] and 0.89 [0.84-0.93], respectively, across Al models for bone metastasis
detection [9]. Notably, in this study, deep learning approaches demonstrated a marginally
superior performance compared to traditional machine learning methods, with a pooled
AUC of 0.95 versus 0.93. This slight performance advantage likely reflects deep learning’s
capacity for automated feature extraction, potentially capturing subtle imaging biomarkers
that may elude conventional radiomic approaches. The relatively consistent performance
across different Al architectures suggests that metastatic lesions exhibit reasonably dis-
tinctive imaging features that various algorithms can effectively identify. However, we
observed variability in model performance between training and validation cohorts (AUC
drop from 0.971 to approximately 0.947 (internal validation) and 0.819 (external valida-
tion)), which highlights ongoing challenges in developing generalizable models capable of
maintaining performance across heterogeneous patient populations and imaging protocols.

The observed performance drop, particularly during external validation (AUC 0.819
versus 0.971 in training) closely mirrors the analytic deficiencies identified by our PROBAST
assessment. The high risk of bias in the ‘analysis” domain—most notably overfitting, op-
timistic performance estimates due to inappropriate internal validation techniques, and
absent external validation—directly contributes to this degradation. These methodological
shortcomings artificially inflate performance during model development, but fail to ensure
robustness when tested on new datasets, thus undermining clinical reliability. The discrep-
ancy in validation outcomes therefore reflects not only natural variability, but preventable
design limitations. This underscores the importance of rigorous validation practices, in-
cluding representative external cohorts and transparent reporting, as prerequisites for
generalizable Al in spinal metastasis imaging.

Spinal metastasis imaging encompasses multiple modalities, each with distinct ad-
vantages. While MRI remains the gold standard with reported sensitivity and specificity
exceeding 98% for metastatic lesion detection [31], Al applications span across CT, MRI,
PET-CT, and hybrid approaches. Our findings suggest that Al models demonstrate promis-
ing performance across these modalities, though direct cross-modality comparisons remain
limited by methodological heterogeneity. Another interesting finding in our study is
the near-even split in the use of MRI and CT as the primary imaging modalities for Al
model development. The slight predominance of MRI-based studies over the widely avail-
able CT modality may reflect its superior soft-tissue contrast, critical for assessing tumor
characteristics, thereby providing a comprehensive diagnostic picture for clinicians.

Performance variability across different types of lesions merits particular attention.
The literature suggests differential performance between osteolytic and osteoblastic metas-
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tases, likely reflecting their distinct radiographic presentations [9,23]. Osteolytic lesions
typically present with greater contrast against surrounding bone, potentially facilitating
more reliable detection compared to the more subtle density changes characteristic of
sclerotic metastases [32]. This differential performance has implications for primary tumor-
specific applications, given the propensity of certain malignancies [e.g., prostate cancer]
toward osteoblastic metastases versus the predominantly osteolytic pattern seen in others
[e.g., lung cancer]. Therefore, while the overall diagnostic accuracy reported in reviews
like Tao et al. (2025) [30] is high, our findings emphasize that this performance may not be
uniform across all metastatic subtypes [30].

Automated systems for lesion detection and characterization may potentially enhance
radiologist and clinician performance, particularly for less experienced practitioners by
providing a second opinion. Observer studies have demonstrated that Al assistance can
significantly improve detection rates, with Ong et al. (2022) reporting improved figure of
merit scores for both attending physicians [0.848 to 0.876, p = 0.01] and residents [0.752 to
0.799, p = 0.02] when assisted by Al algorithms [9]. Another promising application involves
reducing false positive rates in metastasis detection. Wang et al. demonstrated a 44.8%
reduction in false positives using a Siamese neural network architecture, potentially allevi-
ating a significant challenge in conventional imaging interpretation [33]. This improvement
could substantially impact clinical workflow by reducing unnecessary follow-up imaging
and interventions prompted by false positive findings. Beyond detection, segmentation
represents another valuable clinical application. The accurate delineation of metastatic
lesions is crucial for treatment planning, particularly for targeted radiation therapy and
minimally invasive interventions. The high dice similarity coefficients reported by Arends
et al. [97% and 95% for internal and external validation] show that automated segmenta-
tion approaches can produce an impressive performance that warrants direct comparison
studies to expert manual segmentation [34]. Such capabilities could significantly improve
workflow efficiency while maintaining high accuracy in treatment planning, facilitating the
multidisciplinary management of spinal tumors [35]. This shift towards clinically relevant
models is a very recent trend, as our temporal analysis confirms: a majority of the included
papers were published after 2020. The foundational studies published before 2020 often
relied on classical machine learning or computer-aided detection (CAD) systems, which,
although pioneering, reflect the technological landscape of an earlier time. In contrast, stud-
ies published from 2020 onward predominantly leverage more sophisticated deep learning
architectures, which generally report higher diagnostic accuracy and more robust segmen-
tation capabilities. As the field of Al matures rapidly from exploratory concepts to more
clinically translatable, high-performance models, these studies are more representative of
the current capabilities of AL

Despite promising results, several challenges currently limit the clinical translation
of Al for spinal metastasis imaging. Foremost among these is the persistent gap between
training and validation performance metrics, suggesting potential overfitting or limited
generalizability. The weighted average AUC decreased from 0.971 during training to
0.947 during internal validation and 0.819 during external validation, highlighting the need
for more robust validation approaches and diverse training datasets. Additionally, the
pooled AUCs presented in Tables 3-5 need to be interpreted cautiously as they reflect the
weighted averages of AUCs of highly varied prediction tasks and thus provide a general
overview of Al’s current capability of diagnosing spinal metastases, yet they do not allow
for significant statements about specific prediction tasks to be made. Furthermore, given the
nature of the missing statistical data, wherever 95% confidence intervals were not reported,
the weighted average of the reported 95% confidence intervals was used to calculate the
weighted average AUC with its corresponding 95% confidence interval. Such imputa-

114



J. Clin. Med. 2025, 14, 5877

tion may, however, underestimate the true uncertainty of the studies with unreported
95% confidence intervals. This could have led to bias in study weighting, potentially
artificially narrowing pooled confidence intervals, especially if the unreported data were
from smaller or lower-quality studies.

Data limitations represent another significant challenge. The median cohort size
of 88 patients across the reviewed studies indicates relatively modest training datasets
by contemporary deep learning standards. This limitation is particularly relevant given
the heterogeneity of spinal metastatic disease across the different primary malignancies,
imaging protocols, and patient demographics. The predominance of certain primary
malignancies in the literature [lung 56.4%, breast 51.3%, prostate 41.0%] may also limit
generalizability to less common primary tumors. Al models perform differentially across
lesion types. Given that certain kinds of primary tumors tend to give rise to either osteolytic
or osteoblastic metastases, the majority of models may have been optimized to detect lesions
more commonly found with their respective primary tumor types. Osteolytic metastases
(common in lung/breast cancer) show higher detection rates than osteoblastic lesions
(typical in prostate cancer), reflecting radiographic contrast differences [36]. This impacts
a mixed-dataset training where prostate cancer constituted 41% of studies. This may
lead to reduced accuracy in the detection of metastatic lesions with atypical radiographic
presentation. Technical challenges in metastasis detection warrant consideration as well.
Differentiating metastatic lesions from benign processes such as degenerative changes,
hemangiomas, and other non-malignant entities remains challenging even for expert
radiologists. While Al may excel at pattern recognition, distinguishing subtle differences
between malignant and benign lesions with similar imaging characteristics represents an
ongoing challenge.

Several promising directions emerge for future research in this field. First, multimodal
approaches integrating complementary information from different imaging sequences [e.g.,
T1, T2, STIR, diffusion-weighted imaging in MRI] may improve detection sensitivity and
specificity. Wallace et al. (2015) highlighted the superiority of multisequence MRI in detect-
ing marrow infiltration before overt trabecular or cortical destruction becomes apparent,
suggesting the potential benefits from Al models capable of integrating information across
multiple sequences [37]. Second, the integration of clinical data with imaging findings may
enhance the overall diagnostic performance. Current Al approaches predominantly focus
on image analysis in isolation, neglecting potentially valuable clinical information such as
primary tumor characteristics, treatment history, and laboratory parameters. Multimodal
models incorporating both imaging and clinical data may better reflect the integrative
approach used by clinicians in practice [38]. Third, federated learning approaches represent
a promising strategy to address data limitations while preserving patient privacy. Data
augmentation techniques have proven effective in bone imaging applications. Various
augmentation strategies including geometric transformations (rotation, scaling, flipping),
intensity modifications, and elastic deformations have been reported in literature. Ad-
vanced augmentation techniques such as generative adversarial networks (GANs) and
synthesis-based augmentation have shown promise for creating realistic bone lesion varia-
tions while preserving clinical relevance [39]. Multiple studies have successfully employed
transfer learning approaches, particularly domain-specific transfer learning within medical
imaging. Transfer learning from medical imaging datasets (rather than natural image
datasets like ImageNet) can produce significant performance improvements with small
training datasets. For bone metastasis detection, transfer learning from related skeletal
imaging tasks has shown superior results compared to ImageNet-based initialization [39].
By enabling model training across multiple institutions without centralized data sharing,
such approaches could significantly expand the available training data while addressing
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the privacy concerns inherent in cross-institutional collaboration. Finally, prospective
clinical validation studies are essential to demonstrate meaningful clinical impact beyond
retrospective performance metrics. Such studies should not only evaluate diagnostic ac-
curacy but also effects on clinical decision making, workflow efficiency, and ultimately
patient outcomes.

This systematic review has several strengths, including comprehensive database
searches, rigorous methodology following PRISMA guidelines, and a detailed extraction
of performance metrics across a diverse range of Al applications. The inclusion of studies
spanning nearly two decades provides a robust overview of the evolving landscape of Al
in spinal metastasis imaging. However, several limitations warrant consideration. First,
the heterogeneity between the included studies complicates direct comparison. The use
of a wide range of Al architectures including traditional machine learning, convolutional
neural networks, and transformer-based models, imaging modalities such as CT, MR,
and PET, as well as varying validation techniques including split-sample validation and
k-fold cross-validation may affect the pooled results. This is because performance metrics
are dependent on the underlying model architecture, the nature and quality of the data
included, and the rigor of the validation method used. Significant heterogeneity therefore
limits the conclusions that can be drawn from the pooled AUCs about specific prediction
tasks. This especially holds true when factoring in the second limitation in the form
of publication bias, which may have influenced the reported results, with negative or
inconclusive studies potentially less likely to be published. Third, the rapid evolution of Al
methodologies means that some of the earlier included studies may utilize techniques that
are now considered suboptimal compared to state-of-the-art approaches.

5. Conclusions

Al-based approaches show substantial promise for enhancing the detection, segmen-
tation, and characterization of spinal metastatic lesions across multiple imaging modalities.
While technical challenges and implementation barriers remain, continued methodological
refinements and rigorous clinical validation may soon translate these promising research
findings into valuable clinical tools. Future research should focus on developing more
generalizable models through larger and more diverse training datasets, integrating clinical
and imaging data, multi-institutional data sharing and federated learning, and conducting
prospective validation studies to demonstrate meaningful clinical impact.
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