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Abstract: Background: Chronic lower back pain (CLBP) is a global health issue leading to significant
disability and socioeconomic burden. Traditional treatments, including exercise and cognitive
behavioral therapy (CBT), are often limited by physical and temporal constraints. This study aimed
to evaluate the efficacy of multidisciplinary digital therapeutics (MORA Cure LBP) compared to
conventional treatments. Methods: This multicenter, randomized, controlled pilot study enrolled
46 participants. Participants were randomly assigned in a 1:1 ratio to either a MORA Cure LBP group
or control group, which received conventional treatment. Results: At eight weeks, both groups
demonstrated improvements compared to baseline. No statistically significant differences were
observed between the MORA Cure LBP and control groups in reductions in usual pain intensity
(MORA Cure LBP: 3.1 + 1.9 vs. control: 3.0 £ 1.5, p = 0.809), worst pain intensity (MORA Cure
LBP: 5.00 £ 2.18 vs. control: 4.27 £ 1.83, p = 0.247), and functional disability (ODI, MORA Cure
LBP: 15.6 £ 9.6 vs. control: 15.6 = 10.0, p > 0.999). Compliance was significantly higher in the
MORA Cure LBP group during the first 4 weeks (MORA Cure LBP: 74.7% =+ 27.4 vs. control:
53.1% =+ 28.6, p < 0.001). Conclusions: Both multidisciplinary digital therapeutics (MORA Cure LBP)
and conventional treatments were effective in reducing pain and functional disability in patients with
CLBP, with no significant differences between the two groups. Digital therapeutics, particularly those
that integrate CBT and exercise, offer promising alternatives to conventional therapies by improving
accessibility and potentially enhancing patient engagement.

Keywords: chronic low back pain; digital therapeutics; cognitive behavioral therapy; exercise therapy;
multidisciplinary treatment; randomized controlled trial

1. Introduction

Chronic low back pain (CLBP) is a significant global health concern, with a life-
time prevalence exceeding 70% in industrialized countries and worldwide prevalence of
84% [1,2]. It imposes a substantial socioeconomic burden [3,4] and is the leading cause of
disability worldwide [5]. Although acute low back pain often resolves within 4-6 weeks [6],
chronic cases have a poorer prognosis, with up to 65% of patients experiencing persistent
pain for 12 months or longer [7]. Several biological, psychological, social, and occupational
factors are associated with poor clinical outcomes in patients with CLBP. These factors
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include severe disability, sciatica, advanced age, poor overall health, increased psycholog-
ical or psychosocial distress, negative cognitive characteristics, poor relationships with
colleagues, excessive physical labor demands, and secondary compensation [8]. Although
many clinical guidelines have focused on pharmacological treatments, physical therapy,
and appropriate management of patients with radicular pain [9], a recent study suggests
that moderate-to-severe CLBP is associated with reduced health-related quality of life,
health status, increased absenteeism, and increased healthcare utilization, regardless of
whether patients use prescription medications [10,11].

For chronic low back pain, pharmacological interventions alone are limited to short-
term benefits (<3 months) and are associated with increased adverse effects compared
to placebo, according to a recent meta-analysis [12]. Therefore, emerging clinical guide-
lines recommend a multidisciplinary approach or collective back pain treatment that
combines pharmacological interventions with psychological interventions, exercise ther-
apy, and invasive treatments [9,11,13,14]. Among psychological interventions, cognitive
behavioral therapy (CBT) has shown well-established effectiveness in improving CLBP
outcomes [15-19]. A recent meta-analysis reported that these psychological interventions
are more effective for pain relief and physical function enhancement when provided in
combination with physical or exercise therapy rather than as standalone treatments [20].
However, traditional face-to-face CBT and physical or exercise therapy face challenges
related to physical and time constraints, potentially leading to low adherence to such
collective back pain treatments. Therefore, to improve treatment effectiveness, there is a
need to increase the accessibility of cognitive-behavioral and exercise therapies, which
can be achieved through the development of digital therapeutic devices utilizing artificial
intelligence (Al), portable devices, and applications.

Based on this background, we developed the MORA Cure LBP, which is a digital ther-
apeutic device for managing and treating CLBP. This study aimed to evaluate the efficacy
of MORA Cure LBP compared to conventional therapy, including in-person therapeutic
exercise with education in patients with CLBP. We hypothesized that the MORA Cure
LBP group would show greater improvements in pain intensity, overall treatment effect,
lumbar function, quality of life, muscle strength, and psychological state than the in-person
therapeutic exercise with education group. The primary outcomes of this randomized con-
trolled pilot study were usual pain intensity, worst pain intensity, and functional disability
(as measured using the Oswestry Disability Index [ODI]) at eight weeks post-baseline. In
this study, we assessed the potential of MORA Cure LBP as an accessible and effective
digital therapeutic option for CLBP management, potentially addressing the limitations of
traditional face-to-face therapies and improving treatment adherence.

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

This study was a multicenter, prospective, randomized controlled trial conducted
at the Seoul National University Hospital and Hanyang University Guri Hospital. This
trial aimed to evaluate the efficacy of multidisciplinary digital therapeutics (MORA Cure
LBP) compared to conventional treatment, which includes in-person therapeutic exercise
with education for CLBP. The study protocol was approved by the Institutional Review
Boards of Seoul National University Hospital (IRB number: 2211-148-1381) and Hanyang
University Guri Hospital (IRB number: 2022-12-049). All procedures were conducted in
accordance with the ethical standards of the responsible committees on human experi-
mentation (institutional and national) and the Declaration of Helsinki of 1975, as revised
in 2000.

2.2. Participants

Eligibility criteria included adults aged 18-65 years with CLBP persisting for >12 weeks
and a minimum average pain score of 3 on the 11-point Numeric Pain Rating Scale (NPRS).
The participants were required to be capable of using a smartphone application for treat-
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ment and provide voluntary informed consent. Exclusion criteria included any history of
previous spinal surgery, spinal injection therapy within one month prior to enrollment,
or spinal trauma within three months. Participants were also excluded if they presented
with radicular pain with sensory or motor deficits, leg muscle strength of grade <3 on
manual muscle testing, or structural spinal abnormalities, such as spondylolisthesis or
scoliosis with a Cobb angle >10°. Those exhibiting red flag signs, such as unexplained
weight loss or bowel/bladder dysfunction, or those with tumors, infections, metabolic
bone diseases, cognitive disorders, fibromyalgia, or systemic inflammatory diseases, were
also excluded. Further exclusion criteria included pregnancy or breastfeeding, current use
of opioids stronger than tramadol, a history of substance abuse or psychiatric conditions
affecting pain perception, and an inability to communicate or follow instructions.

2.3. Randomization and Blinding

The participants were randomly assigned in a 1:1 ratio to either a DTx group (MORA
Cure LBP digital therapeutics) or a control group (conventional treatment) using a strat-
ified randomization method. Stratification was based on the study site, Seoul National
University Hospital or Hanyang University Guri Hospital. Randomization was performed
using a web-based program provided by the Seoul National University Medical Research
Collaboration Center. This study was open-label; however, allocation concealment was
maintained by independent study staff who were not involved in the data collection or
analysis.

2.4. Interventions

Participants in the DTx group underwent an eight-week program using the MORACure
LBP digital therapeutic device, which included a smartphone application delivering CBT
and exercise therapy (Figure 1). The program comprised one CBT session at the beginning
of each week, followed by daily exercise sessions for the remaining six days. These CBT
sessions addressed the identification and management of negative emotions and thoughts
associated with pain, fostering positive coping skills and applying relaxation techniques.
The program was designed to enhance the participants’ pain management self-efficacy
through cognitive restructuring, positive self-talk, and strategies for handling setbacks.
Patients underwent patient-tailored exercise therapy, education, and behavioral therapy.
Evaluation using Al pose estimation and the results of subjective symptom evaluation
were used to create a patient-tailored treatment curriculum. The exercises focused on core
and lower extremity strengthening and incorporated stretching, with adjustments based
on pain scales, following the principles of progressive overload. Participants in the control
group received conventional treatment, including exercise therapy with controlled exercise
intensity, which included up to four face-to-face sessions with a physician experienced in
musculoskeletal disorders. They also engaged in self-directed exercises based on educa-
tional materials provided at baseline, with a treatment duration of eight weeks, mirroring
that of the DTx group. Additionally, the last exercise therapy session was repeated for the
remaining four weeks after the eight-week course.

2.5. Outcome Measures and Data Collection

The primary outcomes of this study included changes in usual pain intensity, as as-
sessed by the NPRS, at baseline and after eight weeks. Additionally, the worst pain intensity,
measured using the NPRS at these time points, and functional disability, assessed using the
ODI [21], constituted the primary outcomes. Secondary outcomes included health-related
quality of life assessed using the EQ-5D at baseline and at 4, 8, and 12 weeks [22]. Psy-
chological status was measured using the Patient Health Questionnaire-9 (PHQ-9) [23],
Pain Catastrophizing Scale (PCS) [24], and Fear-Avoidance Beliefs Questionnaire (FABQ) at
baseline and 8 and 12 weeks [25]. Higher ODI scores indicate greater levels of functional
disability, while higher NPRS scores reflect more intense pain. Conversely, lower EQ-5D
scores represent poorer health-related quality of life. For psychological measures, higher
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Figure 1. Example of the patient user interface of MORA Cure LBP. After pose estimation, real-time
feedback was provided to assist patients in adopting correct postures during exercise sessions. Addi-
tionally, CBT sessions and worksheet records are displayed for patient reference and progress tracking.

2.6. Statistical Analysis

Continuous variables are summarized as mean =+ standard deviation, while categorical
variables are presented as frequencies and percentages. Between-group comparisons were
conducted using two-sample ¢-tests for continuous variables and the Pearson’s chi-squared
tests for categorical variables. Wilcoxon’s rank-sum tests were performed for non-normally
distributed data. Primary outcomes were analyzed using repeated-measures analysis of
variance, and changes over time within each group were assessed using paired f-tests. All
statistical analyses were performed using SAS software (version 9.4), with the significance
level set at p < 0.05.

3. Results
3.1. Participant Characteristics

In total, 46 participants were randomized, with 45 included in the safety analysis
set (22 in the DTx group and 23 in the control group). The full analysis set comprised
43 participants (20 in the DTx group and 23 in the control group) (Figure 2). There were no
statistically significant differences between the groups in terms of baseline demographic
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characteristics or clinical features, except for sacral slope (SS) (Table 1). The sacral slope
was significantly higher in the control group than that in the DTx group (38.6° vs. 34.0°,
p = 0.035). The mean age was 38.1 &+ 10.0 years in the DTx group and 38.5 + 7.4 years in
the control group (p = 0.930). Most of the participants were female (80.0% in the DTx group
and 81.8% in the control group, p = 0.594). For baseline usual pain intensity (NPRS), the
DTx group reported a mean score of 4.3 = 1.4, while the control group reported 4.3 £ 1.3
(p =0.910). For worst pain intensity (NPRS), the DTx group reported a mean score of
6.0 £ 1.6, while the control group reported 6.0 £ 1.7 (p = 0.990). For baseline functional
disability measured by the ODI, the DTx group had a mean score of 19.7 & 8.3, while the
control group scored 19.6 & 8.7 (p = 0.949)

Intervention : 22 patients
Control : 23 patients

Screening
49 patients
Screening Failure (N = 3)
- Did not meet inclusion/exclusion criteria: 3
Randomization
46 patients
Exclusion (N = 1)
- Current use of opioids stronger than tramadol:
1 in intervention group
Safety set

Exclusion (N = 2)

- Withdrawal of consent: 1 in intervention group

- Deemed unsuitable for clinical trial continuation

by investigator : 1 in intervention group

Full analysis set
Intervention : 20 patients
Control : 23 patients

Figure 2. Flowchart of participants.

Table 1. Baseline characteristics of study participants (full analysis set).

Intervention

Control

(n = 20) (n = 23) p Value
Age (years) 38.1 +10.0 385+74 0.930
Female (n [%]) 16 [80.0] 18 [81.8] 0.594
Body mass index (kg/mZ) 226+ 44 234433 0.399
Prior pain medication use (n [%]) 5[25.0] 4[17.4] 0.711
Onset of backpain (months) 88.9 + 55.5 58.7 £52.6 0.078
Usual pain (NPRS) 44+14 42+1.1 0.792
Worst pain (NPRS) 6.1+16 59+17 0.679
Functional disability (ODI) 199 £ 84 189 £83 0.724
QoL (EQ-5D) 80+22 78 +25 0.600
Depression (PHQ-9) 39+41 3.8+36 0.961
Pain catastrophizing (PCS) 85478 119 £ 134 0.654
Fear-avoidance beliefs (FABQ) 325+ 20.4 29.4 +20.2 0.689
Muscle endurance (Prone Bridge, s) 63.2 +39.2 46.9 + 32.6 0.161
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Table 1. Cont.

Intervention Control Val
(n =20) (n =23) p Value
Balance ability (Single Limb Stance) 43+20 43+24 0.897
Pelvic incidence (°) 483 £9.5 495+£71 0.649
Lumbar lordosis (°) 463 +12.3 49.8 +10.5 0.335
Sacral slope (°) 34.0+ 8.0 38.6 + 6.1 0.035
Pelvic tilt (°) 142 £85 109 £ 6.8 0.150
Sagittal vertical axis (mm) 5.3 +29.6 —3.7 £23.6 0.265
Cobb’s angle (°) 33+23 28+26 0.350

NPRS, Numeric Pain Rating Scale; ODI, Oswestry Disability Index; QoL, quality of life.

3.2. Primary Outcomes

At eight weeks, no statistically significant differences in usual pain intensity were
observed between the intervention and control groups in usual pain intensity (NPRS). The
DTx group reported a mean score of 3.1 &+ 1.9, while the control group reported 3.0 £+ 1.5
(p = 0.809). Similarly, no significant differences were found in terms of worst pain intensity
(NPRS) or ODI scores. The mean worst pain score was 5.00 = 2.18 in the DTx group and
4.27 + 1.83 in the control group (p = 0.247). The mean ODI score was 15.6 & 9.6 for the DTx
group and 15.6 £ 10.0 for the control group (p > 0.999).

3.3. Secondary Outcomes

Both the DTx and control groups showed significant reductions in usual and worst
pain over time compared with baseline (Figure 3). In the DTx group, the usual pain
decreased significantly from baseline at 4, 8, and 12 weeks (p < 0.0167). Worst pain
showed significant reductions at 4 and 12 weeks compared to baseline. In the control
group, the usual and worst pain (NRS) scores significantly decrease at 4, 8, and 12 weeks.
Although not statistically significant, improvements in ODI and quality of life EQ-5D were
observed in both the DTx and control groups over time. No significant differences in
secondary outcomes were observed between the groups at 4, 8, or 12 weeks. At 12 weeks,
the mean usual pain intensity showed no significant difference, with the DTx group
reporting 2.9 £ 1.8 compared to 2.6 + 1.7 in the control group (p = 0.653). For worst pain
intensity, there was also no significant difference, with scores of 4.7 & 2.5 in the DTx
group and 4.0 £ 2.5 in the control group (p = 0.406). Functional disability, measured by
the ODI, showed no significant difference at 12 weeks, with the DTx group scoring 15.2
+ 9.2 and the control group scoring 14.6 £ 10.3 (p = 0.821). Similarly, quality of life, as
measured by the EQ-5D, yielded no significant differences between the groups at any
time point; at 12 weeks, the DTx group scored 7.0 £ 1.7, compared to 7.5 £ 2.2 for the
control group (p = 0.610). Psychological measures, including depression (PHQ-9), pain
catastrophizing (PCS), and fear-avoidance beliefs (FABQ), showed no significant differences
between the groups at 8 or 12 weeks. Specifically, the PHQ-9 scores at 12 weeks were 3.4
=+ 3.8 for the DTx group and 2.8 = 3.0 for the control group (p = 0.704); the PCS scores
were 8.7 = 10.1 and 6.4 + 8.4, respectively (p = 0.482); and the FABQ scores were 32.5 &
20.4 and 29.4 + 20.2, respectively (p = 0.689). Both the DTx and control groups showed no
significant improvements in the PHQ-9, PCS, or FABQ scores compared with baseline at
8 or 12 weeks (Figure 4). The radiographic spinal alignment parameters generally showed
no significant differences between the groups, except for the SS measured by the whole
spine standing lateral radiograph at eight weeks, where the DTx group recorded 34.0 & 8.0°
compared to 38.6 £ 6.1° in the control group, indicating a significant difference (p = 0.035).
Finally, no significant differences were observed between the groups in the Prone Bridge
Test or Single Limb Stance Test at any time point. Between-group comparisons revealed a
statistically significant difference in treatment compliance during the 1-4-week period (p
< 0.001), with the DTx group showing a mean compliance of 74.7% = 27.4, compared to
53.1% =+ 28.6 in the control group. However, no significant differences were observed from
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1 to 8 weeks (p = 0.145), as the intervention and control groups reported 64.7% + 34.6 and
61.5% =+ 29.2, respectively.
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Figure 3. Changes in pain intensity, functional disability, and quality of life over time in the DTx
and control groups. (A) Usual pain intensity measured by the Numeric Pain Rating Scale (NPRS) at
baseline, 4 weeks, 8 weeks, and 12 weeks. (B) Worst pain intensity measured by NPRS over the same
time points. (C) Functional disability, assessed by the Oswestry Disability Index (ODI), at baseline,
4 weeks, 8 weeks, and 12 weeks. (D) Quality of life, evaluated using the EQ-5D, at the same time
intervals. * p < 0.05/3 compared with baseline.
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Figure 4. Changes in psychological outcomes over time in the DTx and control groups. (A) Depression
levels measured by the Patient Health Questionnaire-9 (PHQ-9) at baseline, 8 weeks, and 12 weeks.
(B) Pain catastrophizing, assessed by the Pain Catastrophizing Scale (PCS), at the same time points.
(C) Fear-avoidance beliefs, measured by the Fear-Avoidance Beliefs Questionnaire (FABQ), over the
same period. * p < 0.05/3 compared with baseline.
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3.4. Safety Outcomes

The incidence of adverse events was similar between the intervention and control
groups, with 77.27% (17 /22) of the participants in the DTx group and 60.87% (14/23) in
the control group experiencing at least one adverse event (p = 0.2348). The majority of
adverse events were unexpected adverse device effects, whereas device-related adverse
events (ADEs) were relatively infrequent, occurring in 18.18% (4/22) of the patients in the
DTx group and none in the control group (p = 0.0490). The specific ADEs reported in the
DTx group included musculoskeletal disorders (three participants, 13.64%), arthralgia (two
participants, 9.09%), back pain (two participants, 9.09%), and neck pain (one participant,
4.55%). No serious adverse events were reported in the DTx group, and no unexpected
device-related adverse events were reported in either group. Overall, the safety profiles
were similar between the two groups, with most adverse events being mild to moderate
in severity. No major safety concerns were observed in either group, suggesting that the
MORA Cure LBP digital therapeutic device was generally well tolerated.

4. Discussion

This randomized controlled pilot study showed significant reductions in usual pain in-
tensity, worst pain intensity, and functional disability over time with both multidisciplinary
digital therapeutics (MORA Cure LBP) and conventional treatment groups. No statisti-
cally significant differences were observed between the two interventions for CLBP across
various outcome measures. Although a statistically significant difference in sacral slope
was noted between the groups (intervention group: 34.0°; control group: 38.6°; p = 0.035),
the 4.6° difference likely falls within the range of measurement error and is unlikely to
have clinical significance. Both treatments were safe and well tolerated, with MORA curing
LBP demonstrating no serious adverse events and a safety profile comparable to that of
conventional treatments.

When compared to similar studies, our results align with several previous findings
in which digital therapeutics demonstrated improvements in pain management over
time, although often with no significant differences between groups. Toelle et al. also
found significant pain reduction using the Kaia App for back pain management, with no
substantial differences between the digital and conventional therapy groups [28]. Similarly,
Shi et al. demonstrated the non-inferiority of telerehabilitation compared to outpatient-
based exercise, with both groups improving in terms of pain and disability [29]. Rughani
et al. and Shebib et al. observed significant reductions in pain outcomes in both app-
based interventions and control groups receiving conventional care [30,31]. In a study
of 93 patients with low-back-pain-related disabilities, Chhabra et al. found that recovery
rates were higher after 12 weeks of smartphone-based treatment (54.79%) than those after
conventional treatment (51.52%) [32]. Almhdawi et al. also reported greater improvement
in back-pain-related disability after six weeks of app-based intervention (35.70%) than that
after conventional intervention (2.86%) in a study of 40 office workers with CLBP [33]. In
our study, both the DTx and control groups showed improvements. The lack of a significant
difference between the two groups may be due to the greater intensive care provided to
the control group compared to that in previous studies. Unlike studies where the control
group received only medication or verbal encouragement to exercise, our control group
underwent monthly one-on-one supervised exercise sessions, up to four times in eight
weeks, each time for >30 min, guided by an orthopedic surgeon or rehabilitation medicine
specialist, which likely provided more comprehensive care.

Most other studies focused on exercise-based digital interventions without a significant
CBT component. Our study included a comprehensive CBT component therapy combined
with a structured exercise regimen. Shebib et al. demonstrated that a 12-week digital care
program (DCP) combining CBT, exercise, and education significantly reduced pain intensity
and functional disability in patients with CLBP compared to a control group receiving
only educational materials [30]. Pain improved by 52-64%, and disability by 31-55% in the
DCP group, with high weekly engagement (90%) and reduced surgical interest. Similarly,
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Chiauzzi et al. employed a self-management program featuring CBT alongside goal setting
and wellness activities, demonstrating a significant improvement in disability outcomes
but not in pain intensity [34].

Traditional CBT and exercise therapy, when conducted in regular face-to-face sessions,
often pose financial burdens and constraints related to the time and location of patients.
Psychological interventions conducted in humans have the same limitations. Enhancing
the physical and time-related barriers, it is essential to overcome the accessibility of CBT
and time-related barriers. Application-based (app-based) treatment is an excellent solution
for addressing these challenges. Many studies have shown that the use of app-based
interventions improves patient compliance [30-32,35-38]. In our study, the DTx group
demonstrated a mean compliance of 74.7%, which was significantly higher than that of the
control group (53.1% during the 1-4-week period (p < 0.001)). Shebib et al. reported a high
weekly engagement rate of 90% in their digital care program [30]. Our study expressed
engagement as an hour of rehabilitation, whereas Shebib’s study expressed the percentage
of patients who completed treatment without dropping off for a certain period of time,
making a direct comparison difficult; however, both studies showed good engagement.
In a survey conducted with 127 healthcare professionals specializing in musculoskeletal
disorders, 95.3% acknowledged the need for app-based treatment in clinical practice,
and the majority expressed positive views toward its use [39]. Thus, integrating digital
therapeutics for exercise and CBT could help improve treatment accessibility, reduce
healthcare costs, and minimize inconvenience in patients with CLBP.

In our study, initial compliance to the intervention showed significant differences
between the DTx and control groups during the first four weeks (p < 0.001), with DTx
participants showing higher compliance (74.7% vs. 53.1%). However, from 1 to 8 weeks,
the compliance rates were similar in both groups (64.7% vs. 61.5, p = 0.145). To opti-
mize compliance and increase patient engagement, it is essential to explore the meth-
ods used in similar studies. For example, several app-based interventions aimed at
chronic CLBP reported that enhancing user engagement through gamification and per-
sonalized feedback significantly improved adherence [30,32]. In a study by Shebib et al.,
the use of biofeedback and peer support within the app led to adherence rates as high
as 90% in the first four weeks, although this decreased slightly over time [30]. In our
study, the incorporation of CBT alongside exercise therapy was unique and could pos-
itively influence compliance; however, further improvement strategies, such as adding
reward systems and more interactive features, might be beneficial [32]. Implementing
real-time progress tracking, regular reminders, and personalized milestones could help
maintain engagement to further increase compliance. Moreover, enhancing the usabil-
ity of the application and ensuring that exercise routines are adaptable to the patient’s
daily life are crucial steps for minimizing dropout rates [32]. By focusing on these as-
pects, we could potentially achieve higher adherence rates, as observed in other digital
therapeutic studies.

Although no statistically significant differences were observed in secondary psycho-
logical outcomes (e.g., PHQ-9, PCS, FABQ) between the intervention and control groups,
it is noteworthy that these measures also did not show significant improvement within
either group at 8 or 12 weeks. This was unexpected, particularly given the inclusion of
CBT in the intervention group. However, significant reductions in usual pain, worst pain,
and functional disability were observed in both groups, suggesting that the mechanisms
driving pain reduction may not be directly linked to changes in psychological measures.
Further research is needed to elucidate the relationship between improvements in pain and
functional outcomes and psychological measures, potentially identifying mediators that
could enhance the effectiveness of digital therapeutics

The safety profile of the DTx group was comparable with that of the control group, and
no significant safety concerns were observed throughout this study. Although the incidence
of adverse events was slightly higher in the DTx group (77.27%) than that in the control
group (60.87%), the difference was not statistically significant (p = 0.235). Most adverse
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events were mild or moderate in nature, and device-related adverse events were relatively
infrequent (18.18% in the DTx group). These findings align with those of similar studies on
digital therapeutics for chronic pain management, where adverse events were often mild
and device-related incidents were infrequent. For example, a study involving Al-based
self-management applications for musculoskeletal conditions reported a low incidence of
adverse events, mostly attributable to normal fluctuations in pain during treatment [30,40].
In our study, arthralgia, back pain, and neck pain were the most commonly reported
adverse events in the DTx group. Similar safety profiles were observed in related trials,
such as those by Hartmann et al. and Shebib et al., who documented mild adverse events
without serious risks associated with app-based therapies [30,41].

In our study, both groups showed significant pain improvements from the 4-week
mark, consistent with previous studies indicating that chronic low back pain treatments
yield benefits within the first month [42]. Although this pilot study demonstrates promising
improvements in adherence and accessibility through digital therapeutics, the long-term ef-
ficacy and clinical relevance of such interventions remain to be fully established. Sustained
adherence to digital platforms is likely to play a pivotal role in maintaining therapeutic
benefits over time [43]. Evidence from prior studies indicates that higher initial compliance
is often associated with better long-term outcomes in pain and disability management [44].
However, future large-scale, longitudinal studies are necessary to confirm whether these
short-term benefits translate into lasting clinical improvements.

Our study has several limitations. First, the relatively short follow-up period restricts
our ability to assess the long-term effects of the intervention. Second, although compliance
was generally good, adherence tracking was not as detailed as that in the control group,
limiting our understanding of comparative adherence. Third, the sample size was small,
which may have affected the generalizability of our findings. Fourth, although our inter-
vention combined CBT and exercise, we could not isolate the specific components that
contributed the most to the observed outcomes. Future studies could employ a factorial
design, including separate groups for CBT-only, exercise-only, and combined interventions,
to better understand the individual and synergistic effects of these components. Such an
approach would help refine the intervention and optimize its efficacy.

5. Conclusions

This pilot study demonstrated that multidisciplinary digital therapeutics (MORA
Cure LBP) are safe and effective options for managing CLBP, resulting in significant im-
provements in pain, disability, and quality of life over time. The digital and conventional
treatment groups achieved similar outcomes, with higher early compliance in the MORA
Cure LBP group.
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Abstract: Background/Objectives: Open-source Al models are increasingly applied in
medical imaging, yet their effectiveness in detecting and classifying spinal stabilization
systems remains underexplored. This study compares ChatGPT-40 (a large language
model) and BiomedCLIP (a multimodal model) in their analysis of posturographic X-ray
images (AP projection) to assess their accuracy in identifying the presence, type (growing
vs. non-growing), and specific system (MCGR vs. PSF). Methods: A dataset of 270 X-ray
images (93 without stabilization, 80 with MCGR, and 97 with PSF) was analyzed manu-
ally by neurosurgeons and evaluated using a three-stage Al-based questioning approach.
Performance was assessed via classification accuracy, Gwet’s Agreement Coefficient (AC1)
for inter-rater reliability, and a two-tailed z-test for statistical significance (p < 0.05). Re-
sults: The results indicate that GPT-40 demonstrates high accuracy in detecting spinal
stabilization systems, achieving near-perfect recognition (97-100%) for the presence or
absence of stabilization. However, its consistency is reduced when distinguishing complex
growing-rod (MCGR) configurations, with agreement scores dropping significantly (AC1
= 0.32-0.50). In contrast, BiomedCLIP displays greater response consistency (AC1 = 1.00)
but struggles with detailed classification, particularly in recognizing PSF (11% accuracy)
and MCGR (4.16% accuracy). Sensitivity analysis revealed GPT-40’s superior stability in
hierarchical classification tasks, while BiomedCLIP excelled in binary detection but showed
performance deterioration as the classification complexity increased. Conclusions: These
findings highlight GPT-40’s robustness in clinical Al-assisted diagnostics, particularly for
detailed differentiation of spinal stabilization systems, whereas BiomedCLIP’s precision
may require further optimization to enhance its applicability in complex radiographic
evaluations.

Keywords: scoliosis; artificial intelligence; BiomedCLIP; ChatGPT-40; medical image
analysis; machine learning in healthcare

1. Introduction

Open-source artificial intelligence models (OSAIM) are freely available, publicly acces-
sible tools that have found extensive applications in both computer science and medicine,
significantly contributing to advancements in diagnostics and treatment planning [1-6].
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While these models offer advanced capabilities for processing and interpreting visual
data, most are not specifically designed for the analysis of medical images, such as X-ray
scans. To address this gap, specialized models like BiomedCLIP have been developed,
integrating natural language processing with medical image analysis, thereby opening new
possibilities for diagnostic support and treatment selection [7]. Increasing research on the
clinical applications of OSAIM underscores their potential in radiology and other fields
of medicine.

In the past year, there has been a growing global interest in open-source Al mod-
els, exemplified by the development of advanced language models such as ChatGPT by
OpenAl One of the key products of this organization is Contrastive Language-Image
Pretraining (CLIP), which enables zero-shot image classification, image captioning, and
visual question answering [8]. Trained on extensive image-text datasets, CLIP serves as
the foundation for specialized models such as SDA-CLIP, designed for surgical activity
analysis, and SleepCLIP, which supports the diagnosis of sleep disorders [9,10]. One of
the most advanced CLIP-based models is BiomedCLIP (Bio-med-CLIP-PubMedBERT_256-
vit_base_patch16_224), which integrates natural language processing with medical image
interpretation. Trained on the PMC-15M dataset, comprising 15 million image—caption
pairs from PubMed Central, BiomedCLIP utilizes PubMedBERT for medical text analysis
and Vision Transformer for biomedical imaging. As a result, BiomedCLIP demonstrates
high efficacy in image classification, cross-modal retrieval, and question—answering, mak-
ing it a valuable tool for diagnostics, research, and medical education [11].

In our previous study, we evaluated BiomedCLIP in detecting and classifying scoliosis
in pediatric posturographic X-ray images. The analysis revealed that the model performed
well in identifying advanced cases of scoliosis, particularly in severe stages. However, its
accuracy was limited when detecting milder forms and distinguishing between single-
curve and double-curve scoliosis. These findings highlight BiomedCLIP’s potential in
medical image analysis, while also indicating the need for further refinement of the model
and expansion of the training dataset to enhance its clinical applicability [7].

ChatGPT, as an advanced language model, has also been explored for medical diagnos-
tics and biomedical data analysis, although its effectiveness remains under investigation.
Suthar et al. reported that ChatGPT-4 achieved a diagnostic accuracy of 57.86%, highlight-
ing both its potential and limitations [12]. Lee et al. compared its ability to analyze chest
X-ray images with the KARA-CXR algorithm, demonstrating that dedicated Al systems out-
performed ChatGPT in medical image interpretation [13]. Additionally, Sohail examined
ChatGPT’s early impact on medical sciences and biomedical engineering, emphasizing
both its diagnostic potential and the challenges related to accuracy and interpretability [14].

In our studies, we assessed the ability of Al models, including ChatGPT and Microsoft
Bing, to diagnose single-curve scoliosis from posturographic X-ray images. ChatGPT
demonstrated 100% accuracy in scoliosis detection, but its Cobb angle assessment accu-
racy was only 43.5%, showing significant discrepancies compared to expert evaluations.
Moreover, the model struggled with determining curve direction, scoliosis classification,
and vertebral rotation detection, while Microsoft Bing failed to detect scoliosis in any case.
These findings suggest that while Al holds promise in scoliosis identification, significant
improvements in image analysis and precise diagnostic assessment are required before
these models can be reliably implemented in clinical practice [15].

Scoliosis is defined as a three-dimensional spinal deformity in which the coronal
plane curvature exceeds 10 degrees, measured using the Cobb method, which serves as the
clinical diagnostic standard [16]. The gold standard for scoliosis diagnosis is X-ray imaging
of the spine in two projections: anteroposterior (AP) and lateral. This imaging approach
enables precise assessment of spinal curvature severity, vertebral rotation, and deformity
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progression, facilitating the planning of appropriate therapeutic procedures [17,18]. Scolio-
sis can be classified based on various criteria, including patient age, etiology, curve location,
and severity measured by the Cobb angle [19].

The management of scoliosis is highly individualized but generally follows estab-
lished clinical guidelines. According to AO Spine recommendations, mild scoliosis (10-20
degrees) is typically managed through regular monitoring and physiotherapy, while mod-
erate scoliosis (2040 degrees) may require orthotic bracing. In severe cases (>40 degrees),
surgical intervention is often indicated [19]. In adolescent idiopathic scoliosis (AIS), the
most common form of spinal deformity in children, treatment options range from conser-
vative therapy (e.g., physiotherapy) to surgical interventions, such as dynamic fixation or
posterior spinal fusion (PSF) [20].

For early-onset scoliosis (EOS), occurring before the age of 10, growth-friendly surgical
techniques such as magnetically controlled growing rods (MCGR) are frequently used
to facilitate spinal and thoracic development while maintaining deformity correction.
Traditional approaches, such as posterior spinal fusion (PSF), may lead to complications,
including thoracic insufficiency syndrome, growth restriction, and respiratory issues, if
performed too early. MCGR systems offer a promising alternative by reducing the need
for repeated surgical lengthening procedures, thereby minimizing complications and
psychosocial burden on young patients [21] (Figure 1).

_, D T,

Figure 1. (A) X-ray image depicting severe double-curve scoliosis with Cobb angle measurements
of 62° between L4 /L5 and Th11/Th12 and 77° between Th11/Th12 and Th6/Th5. (B) X-ray image
showing the magnetically controlled growing-rod (MCGR) system used for spinal stabilization.
(C) X-ray image illustrating the final spinal stabilization procedure.

The primary objective of this study is to compare two types of artificial intelligence
models—Ilarge language models (LLLM), such as ChatGPT-40 (Omni), and the multimodal
model BiomedCLIP—in terms of their ability to detect and classify spinal stabilization
systems in posturographic X-ray images in the anteroposterior (AP) projection.
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1.1. Justification

The selection of LLLM (ChatGPT-40) and BiomedCLIP for comparison is based on
their differing approaches to data analysis and their specific applications in medical
imaging diagnostics:

ChatGPT-4o:

O Although primarily a language model, ChatGPT-40 demonstrates strong capabilities
in image analysis, particularly in recognizing detailed objects and structures.

O  With its image-processing functionality, it can be applied to detect complex struc-
tures, such as spinal stabilization systems, especially when they are clearly visible on
X-ray images.

O  Its primary advantage lies in its ability to generate precise descriptions and inter-
pret results, making it valuable in medical applications where detailed descriptions
are essential.

BiomedCLIP:

O  BiomedCLIP is a multimodal model that integrates images and text, enabling it to
compare visual features of an image with textual descriptions.

O Its performance depends on the quality of the provided textual descriptions and the
accuracy of image—text associations.

O This model is particularly useful for tasks where textual context aids in recognizing
and classifying objects in medical images.

O  However, its efficacy may be limited in more complex scenarios, such as distinguishing
subtle details in medical imaging.

This study aims to determine which of these models is more suitable for medical
diagnostics, particularly in the radiographic assessment of spinal stabilization systems
in surgical applications. A comparative analysis of these two Al approaches can provide
valuable insights into the effectiveness of artificial intelligence in medicine, especially in
automating diagnostic processes.

1.2. Research Hypotheses

Accuracy in detecting spinal stabilization systems:

H1. BiomedCLIP will demonstrate significantly higher accuracy in detecting the presence of
spinal stabilization systems on posturographic anterior—posterior (AP) X-ray images compared
to ChatGPT-4o.

Consistency of model responses:

H2. BiomedCLIP will exhibit greater consistency (i.e., reproducibility of results) in classifying
X-ray images regarding the presence and type of spinal stabilization systems than ChatGPT-4o.

Effectiveness in classifying the type and nature of the stabilization system:

H3. While ChatGPT-40 may be more effective in recognizing the general presence of spinal
stabilization systems, BiomedCLIP will outperform in the precise classification of the system type
(growing vs. non-growing) and specific system (MCGR vs. PSF).
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2. Materials and Methods

The study was conducted at the Polish Mother’s Memorial Hospital Research Institute
as part of scientific research activities. The bioethics committee determined that the analysis
of the obtained radiological images did not require formal approval. This study, conducted
between January 2024 and December 2024, focused on analyzing radiological images in the
anterior—posterior (AP) projection in patients aged 3 to 17 years. The X-ray images were
collected from January 2022 to December 2024, and out of 590 available images, a total of
270 images were selected, including:

e 93 posturographic AP images without a visible stabilization system,
e 80 images with a visible growing rod system (MCGR),
e 97 images showing the final stabilization (PSF).

Consent for the use of X-ray images was obtained from the legal guardians of
the patients. In accordance with data protection principles, all personal information
was anonymized.

Inclusion and Exclusion Criteria:

The inclusion criteria required technically correct images. For images without a sta-
bilization system, only cases of severe scoliosis (>40° Cobb angle) were included, in line
with AO Spine guidelines, which qualify curves exceeding 40° for surgical correction.
Additionally, images with a visible MCGR system and final stabilization (PSF) were se-
lected. Image quality was assessed to exclude illegible images, errors in image stitching, or
improper framing.

The exclusion criteria included:

e Images that were improperly stitched,

e  X-rays covering an incomplete view of the spine,

e  Scoliosis cases with additional bone defects, such as hyperkyphosis,

e Images featuring additional implants unrelated to the studied stabilization systems.
Imaging and Analysis:

All of the tests were performed using the same radiological equipment, and the X-ray
images were not modified in any way. They were saved in JPEG format with a resolution
of 2663 x 1277 px.

The dataset was evaluated by two independent neurosurgery specialists (B.P. and
E.N.), who focused on 270 AP posturographic images, including 93 cases of severe scoliosis,
with curvatures ranging from 45° to 96°. The analysis aimed to develop baseline scoliosis
descriptions, detailing key parameters such as:

o  Degree of deformation (Cobb method),
e  Precise identification of the affected spine segment.

These descriptions were later used to evaluate the capabilities and classification
accuracy of open Al systems in scoliosis assessment.

2.1. Manual Measurement

The evaluation of posturographic X-ray images was carried out independently by
two neurosurgery specialists. For image analysis and Cobb angle measurements, RadiAnt
software (version 2023.1) was utilized.

2.2. Al System Evaluation Methodology

As part of this study, an analysis of artificial intelligence models was conducted,
including ChatGPT-40 (OpenAl, San Francisco, CA, USA). The experiments took place
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between 1 January and 30 January 2025, following a three-stage methodology designed to
assess the model’s ability to interpret posturographic X-ray images.

Three-Stage Questioning Approach
1.  General Image Interpretation
Question: ‘What do you see in the image?’

This open-ended question allowed the model to describe the X-ray without any prior
hints, such as the presence or absence of a spinal stabilization system.

2. Detection of a Stabilization System
Question: ‘Do you observe any spinal stabilization system in the image?’

If the model answered ‘no’ for an image without a stabilization system, it confirmed
correct recognition.

If it answered ‘yes’ incorrectly, it indicated a misinterpretation of bone structures or
artifacts as a stabilization system.

3.  Identification of the Stabilization System Type
Question: “If yes, what type of stabilization system is visible?’

For images without a stabilization system, the correct response was ‘none’ or ‘not
applicable’. If the model identified a system where none was present, it was considered a
misclassification.

For images with stabilization, the model was expected to specify whether the system
was growing (MCGR) or non-growing (PSF).

Evaluation Criteria

Each image was processed individually, and the model was asked the three questions
in sequence. Only three key pieces of information were extracted from its responses:

e  Presence of a stabilization system (if applicable),
e Type of stabilization system (growing vs. non-growing),
e  Specific system identification (MCGR or PSE, if applicable).

Scoring System
For images without a stabilization system:
e  Correctly identifying the absence of a system — 1 point
e Incorrectly identifying a system — 0 points
e  Correctly stating no type/system was present — 1 point
e Incorrectly specifying a type/system — 0 points
For images with a stabilization system:
Correctly detecting the presence of a system — 1 point
Failing to detect a system — 0 points
Correctly identifying the type (growing/non-growing) — 1 point
Incorrectly classifying the type or failing to specify it — 0 points

Correctly recognizing the specific system (MCGR or PSF) — 1 point

Incorrectly identifying the system (e.g., misclassifying MCGR as VEPTR) or failing to
specify — 0 points

To assess the model’s consistency and reliability, the entire study was repeated three
times to evaluate whether the Al provided repeatable and stable responses.

The classification of scoliosis followed the AO Spine criteria, and the therapeutic

approach was determined based on AO Spine qualifications for surgical intervention
(Figure 2).
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Three-Stage Questioning
Approach

:

General Image Interpretation
“What do you see in the image?”

I

Detection of a
Stabilization System

“Do you observe any spinal
stabilization system in the image?” J

I

Identification of the
Stabilization System Type

“If yes, what type of
stabilization system is vis isible?”

:

[ Repeated three times ]

Figure 2. Flowchart illustrating the standardized three-stage questioning approach used to evaluate
Al model performance. For each X-ray image, the model was asked: (1) to describe the image freely,
(2) to determine the presence of spinal stabilization hardware, and (3) to identify the type of system
if applicable. This sequence was repeated across three independent trials to assess consistency and
diagnostic accuracy.
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2.3. BiomedCLIP Methodology
2.3.1. Model Selection and Adaptation

Pediatric spine X-ray images were classified across three conditions—pre-treatment,
post-targeted stabilization system, and post-MAGEC system application—utilizing the
Biomed CLIP model. Biomed CLIP, a refined variant of the Contrastive Language-Image
Pretraining (CLIP) model, was selected due to its demonstrated superior performance in
zero-shot classification of complex biomedical imagery, surpassing alternatives such as
DALL-E, MedCLIP, and PubMedCLIP. Its open-source accessibility further facilitated its
adoption for this research. To augment its specialization in pediatric spinal image analysis,
Biomed CLIP underwent fine-tuning on the PMC-15 dataset. This comprehensive dataset
comprises 15 million biomedical image—text pairs derived from 4.4 million scientific
articles, encompassing a diverse array of medical specialties, thereby providing a robust
foundation for model training.

2.3.2. Hyperparameters

The fine-tuning of Biomed CLIP followed the same hyperparameters as those used for
training the original CLIP ViT-B/16 model (Table 1).

Table 1. Hyperparameters used for fine-tuning BioMed CLIP, following the same setup as the original

CLIP ViT-B/16 model.
Hyperparameter Value
Learning Rate 4x1074
Weight Decay 0.2
Adam (1 0.9
Adam (32 0.98
Adam ¢ 1.00 x 10°°
Batch size 32,768
Training epochs 32
Warm-up iterations 2000
Gradient clipping Max temperature of 100

2.3.3. Computational Infrastructure

Computational tasks were executed on the RunPod platform, employing two NVIDIA
L40S GPUs, 16 vCPUs, 124 GB of RAM, and 96 GB VRAM. A standardized software
environment was instantiated via a Docker image (pytorch:2.1.0-py3.10-cudal1.8.0-devel-
ubuntu22.04), pre-configured with requisite CUDA and PyTorch modules to facilitate
model training and subsequent evaluation.

2.3.4. Model Architecture and Training Protocol

The Biomed CLIP architecture incorporates a Vision Transformer (ViT-B/16) as its
vision encoder and PubMedBERT for text encoding. The ViT-B/16, selected for its superior
efficiency relative to smaller variants, segments input images into 16 x 16 pixel patches,
natively supporting a 224 x 224 pixel image size. While experimentation with a 384 x 384
pixel resolution indicated enhanced retrieval capabilities, this was accompanied by a
commensurate increase in pre-training duration. The text encoder’s context window was
extended to 256 tokens, from the conventional 77, to accommodate the verbose nature of
biomedical image annotations. The ViT-B/16 vision encoder comprises 86 million trainable
parameters. Model training was conducted on a cluster of 16 NVIDIA A100 or V100 GPUs,
incorporating techniques such as gradient checkpointing and automatic mixed precision to
optimize memory utilization and enhance computational throughput.
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2.3.5. Data and Performance Evaluation

Model performance was directly evaluated against a curated database of anonymized
pediatric X-ray images. This approach enabled iterative assessment across various treat-
ment stages and hardware configurations. The evaluation protocol prioritized the model’s
classification accuracy and generalization capacity to unseen medical image data, thus
providing a rigorous assessment of both the robustness and clinical applicability of
Biomed CLIP.

The evaluation was conducted by interfacing directly with a database of anonymized
X-ray images. This setup allowed for an iterative assessment of the model’s performance
across different stages of treatment and varying hardware configurations. The evaluation
focused on the model’s accuracy in image classification and its ability to generalize across
unseen medical image data. This methodology not only tests the robustness of Biomed
CLIP, but also its applicability to real-world medical diagnostics. For this task, descriptive
text labels were prepared to represent the classification of each category:

1.  First Category:

e ‘This is an image of spine with stabilization system’
e ’‘This is an image of spine without stabilization system’

2. Second Category:
e ‘This is an image of spine with growing stabilization system’
e ‘This is an image of spine with non-growing stabilization system’
e ‘This is an image of spine without stabilization system’

3. Third Category:

e ‘This is an image of spine with magnetic control growing rod system (MCGR)’
e ’‘This is an image of spine with posterior spinal fusion system (PSF)’
e ’‘This is an image of spine without stabilization system’

Each X-ray image was preprocessed through normalization before being input into the
model. The model then computed the probability of the image belonging to each scoliosis
category, with a confidence score ranging from 0 to 1. This score was used as a quantitative
measure of the model’s certainty in its predictions.

The evaluation emphasized accuracy in image classification and the ability to gen-
eralize across unseen medical image data, testing both the robustness and real-world
applicability of Biomed CLIP in clinical diagnostics.

2.4. Statistical Analysis

The detection rates of spinal stabilization systems were reported as count (n) and
percentage (5) for binary classification tasks and as mean (M) and standard error (SE) for
proportion-based analyses.

2.4.1. Agreement Assessment

The assessment of inter-rater reliability for binary variables with multiple measure-
ments was conducted using Gwet’s Agreement Coefficient 1 (AC1), due to its robustness in
handling imbalanced category distributions and its reduced sensitivity to high agreement
levels [22-24]. Gwet’s AC1 was then computed using Formula (1):

_ pa—pe
ACL=T—, @
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where pa is the observed agreement estimated by (2):

number of agreements
po = ] egreeme @
total number of ratings

The expected agreement by chance pe was conducted using (3):

S (2)
e £ (1) 0
k=1 c
where C is the number of categories.

Described by (1)—(3), AC1 remains robust and interpretable, not artificially deflated by
the prevalence effect, thereby providing a more accurate reflection of inter-rater reliability,
making it the optimal choice for the current analysis [25].

2.4.2. Estimation Difference in Identification Rates Between Als

To evaluate the significance of differences in detection proportions between GPT-40
and BiomedCLIP Al, a two-tailed z-test for the difference in proportions was conducted.
The standard error (SE) of the difference between the two means was computed using

Formula (4):
SE = \/SE2 + SE3, (4)

where SE; and SE; represent the standard errors of the detection rates for GPT-40 and
BiomedClip, respectively.
To determine the statistical significance of the difference, a z-score was calculated

by ) M1 - M2
“TTSE ©)

where M; and M, are the mean detection rates of GPT-40 and BiomedClip, respectively.
Finally, the p-value was derived from the standard normal distribution based on the
calculated z-score. As a two-tailed test was used, the p-value was obtained according to (6):

p=2xP(Z>1zl), (6)

where P(Z > |z 1) represents the probability that a standard normal variable (Z) takes a
value greater than the absolute value of the calculated z-score.

A significance threshold of = 0.05 was applied to determine whether the observed
differences were statistically significant.

2.4.3. Statistical Tool

Analyses were conducted using the R Statistical language (version 4.3.3; [26]) on
Windows 11 Pro 64 bit (build 22631), using the packages irrCAC (version 1.0; [27]) report
(version 0.5.8; [28]), patchwork (version 1.2.0; [29]), gtsummary (version 1.7.2; [30]), ggplot2
(version 3.5.0; [31]), and dplyr (version 1.1.4; [32]).

3. Results
3.1. Comparative Sensitivity and Consistency in Detecting Spinal Stabilization Systems

The performance of GPT-40 and BiomedCLIP in detecting and classifying spinal
stabilization systems (SSS) in 270 posturographic X-ray images (93 No Stabilization, 97 PSF,
80 MCGR) was evaluated using sensitivity (proportion of correct responses), Gwet’s AC1
for inter-rater agreement, and Cohen’s h for effect size (Table 2). A summary of findings

23



J. Clin. Med. 2025, 14, 3282

aligned with the research hypotheses (H1: accuracy, H2: consistency, H3: classification) is
presented in Table 3.

Table 2. Comparative sensitivity and inter-rater agreement for GPT-40 and BiomedCLIP in
detecting spinal stabilization systems (SSS) in advanced scoliosis (>40°) using posturographic

radiographic images.

GPT-40 Sensitivity, BiomedCLIP

SSS Type % (95% CI)

Classification Task

Sensitivity, % (95% CI)

GPT-40 Gwet’s AC1
(95% CI)

No Stabilization Presence 97.0 (94.0-100.0) 99.6 (99.6-99.6) 0.97 (0.94-1.00)
Type 97.0 (94.0-100.0) 66.9 (63.0-70.8) 0.97 (0.94-1.00)

Kind 97.0 (94.0-100.0) 30.2 (23.9-36.5) 0.97 (0.94-1.00)

PSF Presence 100.0 (100.0-100.0) 5.1 (3.9-6.3) 1.00 (1.00-1.00)
Type (Non-growing) 98.0 (96.0-100.0) 0.6 (0.4-0.8) 0.99 (0.97-1.00)

Kind (PSF) 84.0 (78.8-89.2) 11.0 (7.8-14.2) 0.87 (0.80-0.94)

MCGR Presence 100.0 (100.0-100.0) 6.6 (5.5-7.7) 1.00 (1.00-1.00)
Type (Growing) 70.0 (51.2-88.8) 66.3 (62.8-69.8) 0.32 (0.16-0.49)

Kind (MCGR) 18.0 (4.6-31.4) 4.2 (0.9-7.5) 0.50 (0.36-0.64)

Notes: Gwet’s AC1 for BiomedCLIP is 1.00 (perfect agreement) for all tasks and is not tabulated to avoid
redundancy but is noted in the caption. Individual rater percentages and detailed agreement statistics (pa, pe, SE,
p-values) are provided in Supplementary Table S1.

Table 3. Summary of comparative performance of GPT-40 and BiomedCLIP in detecting and classify-

ing spinal stabilization systems, aligned with research hypotheses.
GPT-40 BiomedCLIP Sensitivity GPT-40 AC1
Hypothesis Task Sensitivity, % Sensitivity, % Difference Cohen’s h (950/0(:1) Key Finding and Conclusion
(95% CI) (95% CI) (z, p-Value) °
. GPT-4o slightly less sensitive
H1: Accuracy in Presence (No 97.0 . —2.6% _ 0.97 K ;
Detecting SSS  Stabilization) ©940-100.0) 2096996, _r7 L -0.00) 0.21 (0.94-100)  (small effect) both highly accurate,
clinically negligible difference.
100.0 94.9% (z =95.0, 1.00 GPT-4o far superior (large effect),
Presence (PSF) 10 0-100.0) 51(3.9-6.3) p <0.001) 205 (1.00-1.00) critical for clinical detection of PSF.
GPT-4o highly reliable (large effect),
Presence 100.0 93.4% (z =93.0 1.00 K .
6.6 (5.5-7.7) ’ 1.95 BiomedCLIP inadequate for
(MCGR) (100.0-100.0) p <0.001) (1.00-1.00) MCGR detection.
. . _ BiomedCLIP perfectly consistent
H2: Consistency Type (No 7.0 669 (63.0-70.8) 0% (z=1344, 0.68 0.97 (AC1 = 1.00), GPT-4o variable but
of Responses Stabilization) (94.0-100.0) p < 0.001) (0.94-1.00) hi .
igh agreement (medium effect).
BiomedCLIP consistent but
98.0 97.4% (z =375, 0.99 . .
Type (PSF) (96.0-100.0) 0.6 (0.4-0.8) 1 <0.001) 241 (0.97-1.00) inaccurate, GPT-40 less consistent
but accurate (large effect).
o [ BiomedCLIP consistent, GPT-40
Type (MCGR) 700 (51.2-88.8) 663 (62.8-69.8) 7% j(g ;9%)27' 0.08 o 1%% ) highly variable
p=0 : : (low AC1, small effect).
GPT-40 more accurate but less
H3: Classifying . g . 73.0% (z = 36.5, 0.87 consistent (large effect),
Type/Kind Kind (PSF) 84.0(78.8-89.2) 110(78-14.2) p <0.001) 118 (0.80-0.94) BiomedCLIP struggles
with specificity.
Kind (MCGR) 180 (46-314)  42(09-75)  108% (=140, 043 050 " ightly bestr b imconsitent
DAoL = B p=0.160) : (0.36-0.64) gnty

(small to medium effect).

Notes: Sensitivity and 95% Cls are derived from Table 2. Sensitivity differences and z-tests are from the Statistical
Analysis section. Cohen’s h is calculated as h =2 x (arcsin@(\/ (p_1))-arcsin(+/(p_2)), where p1 and p2are GPT-40
and BiomedCLIP sensitivities, respectively. Interpretation: small (h = 0.2), medium (h = 0.5), large (h = 0.8).
GPT-40 AC1 values are from Table 2; BiomedCLIP AC1 = 1.00 for all tasks (noted in text). Conclusions summarize
clinical implications, e.g., GPT-40’s superior detection sensitivity (large effect sizes for PSF/MCGR) supports its
use for initial screening, while BiomedCLIP’s consistency reveals the potential for structured classification with
further optimization.

Detection of stabilization systems (H1: Accuracy)

GPT-40 demonstrated near-perfect sensitivity (97-100%) in detecting the presence or
absence of SSS across all types (No Stabilization: 97.0%, 95% CI 94.0-100.0; PSF: 100.0%,
95% CI 100.0-100.0; MCGR: 100.0%, 95% CI 100.0-100.0), significantly outperforming
BiomedCLIP (No Stabilization: 99.6%, 95% C1 99.6-99.6, z =2.7, p = 0.007, h = —0.21; PSF:
5.1%, 95% CI 3.9-6.3, z = 95.0, p < 0.001, h = 2.05; MCGR: 6.6%, 95% CI 5.5-7.7, z = 93.0,
p <0.001, i = 1.95). The small difference in No Stabilization detection (2.6%, small effect)
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was clinically negligible, as both models excelled in this task. However, GPT-40’s superior
sensitivity for PSF and MCGR detection (large effect sizes) highlights its reliability for
initial screening in clinical settings (Table 3).

Consistency of responses (H2)

BiomedCLIP exhibited perfect consistency (AC1 = 1.00) across all tasks, reflecting
its deterministic classification approach. In contrast, GPT-40 showed a high but variable
agreement, particularly in complex tasks. For No Stabilization and PSF, GPT-40 maintained
strong agreement (AC1 = 0.97-1.00), but consistency dropped for MCGR Type (AC1 = 0.32,
95% CI 0.16-0.49) and Kind (AC1 = 0.50, 95% CI 0.36-0.64) classifications. Sensitivity
differences showed a medium effect for No Stabilization Type (30.1%, h = 0.68), a large effect
for PSF Type (97.4%, h = 2.41), and a small effect for MCGR Type (3.7%, h = 0.08), indicating
variable clinical relevance (Table 3). This supports the conclusion that BiomedCLIP is more
consistent, while GPT-40’s probabilistic nature leads to response fluctuations.

Classification of SSS type and kind (H3)

For classifying SSS types (Growing vs. Non-growing), GPT-4o outperformed Biomed-
CLIP for PSF (98.0% vs. 0.6%, z = 37.5, p < 0.001, h = 2.41) but showed a comparable
performance for MCGR (70.0% vs. 66.3%, z = 0.27, p = 0.790, h = 0.077). For specific system
identification (Kind), GPT-40 was more accurate for PSF (84.0% vs. 11.0%, z = 36.5, p < 0.001,
h =1.18), but struggled with MCGR (18.0% vs. 4.2%, z = 1.40, p = 0.160, = 0.433), reflecting
challenges in distinguishing morphologically similar systems. Large effect sizes for PSF
tasks confirmed GPT-40’s clinical advantage, while smaller effects for MCGR tasks inferred
that both models need optimization (Table 3). These findings indicate that GPT-4o is
more effective for initial detection and broad classification, while BiomedCLIP’s structured
approach offers potential for detailed classification with improved training.

3.2. Comparison of Mean Sensitivity Levels for GPT-40’s Detection of Spinal Stabilization Systems

The proportion of proper responses in Table 1 is equivalent to sensitivity, reflecting the
true positive rate of GPT-40’s detection of spinal stabilization systems (SSS) in advanced
scoliosis (>40°) using posturographic radiographic images (PRIs). Figure 3 compares
the mean sensitivities across the type of PRIs of the SSS and the type of request about
SSS. The results are stratified by the type of SSS (Absence, PSF, MGCR) and the type of
request (Presence, Type, Kind), with error bars indicating the standard error (SE) of the
mean sensitivity. This analysis demonstrates the performance and variability of GPT-40’s
detection capabilities, providing a comprehensive evaluation of its accuracy and reliability
in identifying SSS under varying conditions.

3.3. Analysis of the Performance and Interrater Agreement of BiomedClip Al in Identifying Spinal
Stabilization Systems in Severe Scoliosis (>40°) Using Posturographic Radiographic Imaging

In contrast to GPT-40, BiomedCLIP Al enabled the estimation of the identification
proportion for the queried options with a granularity of 0.01, with the total sum equaling
1.00. This approach allowed for greater precision in performance assessment.

A key distinction was the consistency of proportion estimates across repeated analyses
of the same images, resulting in perfect agreement (AC1 = 1) in the identification of all
types of stabilization systems.
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Figure 3. Comparison of detection proportions (here it is also a sensitivity level), M (SE), for GPT-40’s
in advanced scoliosis (Cobb angle > 40°) using posturographic radiographic images.

3.3.1. Analysis of the Performance in Identifying Posturographic Radiographic Images
with No Stabilization Systems

BiomedCLIP Al’s performance differed notably depending on whether the task was
simply to detect the presence or absence of stabilization hardware, to identify the ‘type” of
stabilization, or to specify the ‘kind” of construct.

Under ‘Presence of stabilization” requests, the model achieved a mean correct clas-
sification rate of 0.996 (SE = 0.00) for images containing no stabilization. In other words,
the Al system successfully ruled out stabilization in nearly 99.6% of cases, with only 0.4%
of images incorrectly flagged as having some form of stabilization systems (see Figure 4
for visualization).

When tasked with specifying the ‘type’ of stabilization (Growing rod, No growing
rod, or No stabilization), BiomedCLIP Al continued to classify the majority of true No-
stabilization images correctly (0.669, SE = 0.02). However, 0.106 of these images were
mistakenly labeled as ‘Growing rod’, and 0.225 were labeled as No growing rod, indicating
that the model still confused some images that should have been confidently identified as
‘No stabilization’.

Performance diminishes further under ‘kind’ classifications (PSF, MCGR, No stabiliza-
tion), where BiomedCLIP Al correctly retained the no-stabilization label in 0.302 (SE = 0.02)
of cases, but mislabeled 0.673 as MCGR and 0.0252 as PSF. This observation highlights that
while the BiomedCLIP Al is highly reliable for straightforward detection of absence or
presence, it becomes less precise when finer distinctions are required, particularly if the
request demands a specific ‘kind” of hardware category.
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Figure 4. Comparison of detection proportions, M (SE), by BiomedClip Al in advanced scoliosis (Cobb
Angle > 40°) using posturographic radiographic images without stabilization systems (N = 93).

3.3.2. Analysis of the Performance in Identifying Posturographic Radiographic Images
with PSF Stabilization System

BiomedClip Al’s ability to detect a posterior spinal fusion (PSF) in severe scoliosis
(>40°) posturographic imaging remained suboptimal when dissected by specific classifica-
tion requests. Under the most basic ‘Detection” protocol, the system correctly identified
‘Stabilization” in only 5.10% (SE = 0.00568) of cases, while it incorrectly assigned ‘No
stabilization” 94.90% of the time (see Figure 5 for visualization results).

In the subsequent ‘“Type’ categorization, correctness hinged on labeling these PSF
images as ‘No growing rod’; the model achieved a mere 0.64% success rate (SE = 0.00128),
with the remaining classifications scattered among ‘Growing rod” or ‘No stabilization’. At
the most granular ‘Kind’ level—where a precise PSF designation was required—the model
attained a correctness rate of only 11.0% (SE = 0.0183), while disproportionately mislabeling
many of these images as ‘No stabilization’ (86.2%) or ‘MCGR’ (2.77%).

These findings underscore BiomedClip Al's marked tendency to overlook PSF con-
structs and misinterpret them, especially in more specialized requests that demand accurate
differentiation between various fixation categories. Although the system excelled in other
contexts (e.g., ruling out hardware for individuals genuinely lacking instrumentation), it
struggled here to recognize key radiographic hallmarks of a posterior spinal fusion.

From a clinical perspective, the low detection and classification rates for a procedure
as prevalent and standardized as PSF may prompt the need for further refinement of
BiomedClip’s training data, specifically incorporating robust examples of routine posterior
fusion hardware in advanced scoliosis.
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Figure 5. Comparison of the detection proportions, M (SE), by BiomedClip Al in advanced scoliosis
(Cobb angle > 40°) using posturographic radiographic images with PSF No-growing-rod stabilization
systems (N = 97).

3.3.3. Analysis of the Performance in Identifying Posturographic Radiographic Images
with MCGR Stabilization Systems

BiomedClip Al displayed a pronounced discrepancy in classifying MCGR-based sta-
bilization. When merely tasked with detecting whether spinal hardware was present,
the model labelled only 6.62% (SE = 0.00564) of MCGR images correctly as ‘Stabiliza-
tion” and misclassified the remaining 93.38% as ‘No stabilization’ (see Figure 6 for
visualization results).

Once directed to identify the ‘type” of hardware, it correctly assigned ‘Growing rod’
status to 66.3% (SE = 0.0177) of these same images, suggesting that once it (occasionally)
recognized the presence of an implant, the system was comparatively adept at recognizing
it as a ‘growing’ construct.

However, under the most granular ‘kind” classification, only 4.16% (SE = 0.0150)
were labeled accurately as ‘'MCGR’, while 86.8% remained misclassified as ‘No stabiliza-
tion’, with another 9.05% classified as ‘PSF’. The net effect ws that although BiomedClip
Al could sometimes characterize the hardware as ‘growing’ once it surmised stabiliza-
tion waas present, its overall performance for consistently detecting MCGR constructs
remained suboptimal.

Clinically, these results indicate that, in the context of advanced scoliosis (>40°),
the model’s failure to recognize the initial presence of hardware compromised the re-
liability of subsequent designations. Such gaps highlight the need for further refine-
ment of the system’s training data—especially involving subtle morphological traits of
MCGR rods—to ensure both accurate detection and correct categorization of complex

dynamic instrumentation.
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Figure 6. Comparison of detection proportions, M (SE), by BiomedClip Al in advanced scoliosis
(Cobb angle > 40°) using posturographic radiographic images with MCGR growing rod stabilization
systems (N = 80).

3.4. Comparative Sensitivity Analysis of BiomedClip Al and GPT-4o in Spinal
Instrumentation Classification

3.4.1. Posturographic Radiographic Images with No Stabilization Systems

BiomedClip Al demonstrated significantly higher sensitivity in the presence-versus-
absence detection of spinal instrumentation (M = 99.7%, SE = 0) compared to GPT-40
(M =97%, SE = 1%), with a statistically significant difference (z = 2.7, p = 0.007).

However, as classification complexity increased, GPT-40 maintained a consistently
high sensitivity (97%), whereas BiomedClip Al’s performance declined substantially. For
the “type’ classification task, BiomedClip Al achieved M = 66.9%, SE = 2%, significantly
lower than GPT-40 (M = 97%, SE = 1%, z = —13.44, p < 0.001).

This performance disparity was even more pronounced in the ‘kind” classification
task, where BiomedClip Al’s sensitivity dropped to M = 30.2%, SE = 3.2%, while GPT-40
remained stable at M = 97%, SE = 1% (z = —19.94, p < 0.001).

These findings indicate that while BiomedClip Al excelled in binary classification
tasks, GPT-40 provided superior reliability and stability in more complex hierarchical
classifications. This suggests that for clinical applications requiring detailed differentiation
of spinal hardware, GPT-40 may offer a more robust and consistent solution.

3.4.2. Posturographic Radiographic Images with PSF Stabilization Systems

GPT-40 demonstrated a significantly superior performance compared to BiomedClip
Alin detecting spinal stabilization systems across multiple classifications. In identifying the
presence of stabilization systems, GPT-40 achieved perfect sensitivity (M = 1.00, SE = 0.00),
markedly outperforming BiomedClip (M = 0.05, SE = 0.01), with a highly statistically
significant difference (z = 95.00, p < 0.001).
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Similarly, for the detection of non-growing rod systems, GPT-40 exhibited near-perfect
sensitivity (M = 0.98, SE = 0.00), significantly surpassing BiomedClip (M = 0.23, SE = 0.02),
as reflected in a highly significant statistical difference (z = 37.5, p < 0.001). A comparable
trend was observed in the classification of PSF systems, where GPT-40 (M = 0.84, SE = 0.01)
outperformed BiomedClip (M = 0.11, SE = 0.02), with a highly significant difference
(z=236.5,p <0.001).

The above findings stress the substantial advantage of GPT-40 in accurately detecting
and classifying spinal stabilization systems, highlighting its potential as a more effective
tool for clinical decision-making, particularly in the management of complex scoliosis cases
compared to BiomedClip.

3.4.3. Posturographic Radiographic Images with MCGR Stabilization Systems

GPT-40 demonstrated significantly superior accuracy in detecting stabilization sys-
tems, achieving perfect sensitivity (M = 1.00, SE = 0.00) compared to BiomedClip (M = 0.07,
SE = 0.01), with a highly statistically significant difference (z = 93, p < 0.001). However,
in the detection of growing-rod systems, GPT-40 (M = 0.70, SE = 0.15) and BiomedClip
(M = 0.66, SE = 0.02) exhibited a comparable performance, with no statistically significant
difference (z = 0.27, p = 0.790). For MCGR systems, GPT-40 (M = 0.18, SE = 0.10) outper-
formed BiomedClip (M = 0.04, SE = 0.02), although the difference did not reach statistical
significance (z = 1.40, p = 0.160), suggesting a trend toward an improved performance.

These findings highlight GPT-40’s superior capability in detecting stabilization sys-
tems, reinforcing its potential as a more reliable tool for identifying such hardware in
clinical practice. In contrast, for rowing rod systems, both models performed similarly,
indicating that either may be effectively utilized in this context. However, the overall
performance for MCGR classification remained suboptimal, suggesting that both models
struggled with accurately identifying these systems.

4. Discussion

The findings of this study provide partial confirmation of our initial hypotheses, re-
vealing both strengths and limitations in the performance of ChatGPT-40 and BiomedCLIP
in detecting and classifying spinal stabilization systems in posturographic X-ray images.

Regarding H1 (accuracy in detecting stabilization systems), the results contradict our
initial assumption, as ChatGPT-40 consistently outperformed BiomedCLIP in detecting the
presence of spinal hardware, achieving near-perfect sensitivity (97-100%), while Biomed-
CLIP misclassified stabilization in a substantial number of cases (e.g., PSF detection: 5.10%,
MCGR detection: 6.62). These results indicate that ChatGPT-4o0, although not specifically
trained for medical imaging, performs more reliably when identifying the presence or
absence of spinal hardware.

Conversely, H2 (consistency of model responses) was confirmed, as BiomedCLIP
exhibited perfect agreement (AC1 = 1.00) across repeated classifications, while ChatGPT-40
displayed variability in its responses, particularly in more complex classification tasks, such
as distinguishing between stabilization types (Growing vs. Non-Growing) and specific
systems (MCGR vs. PSF). This variability suggests that while ChatGPT-4o is highly effective
in initial detection, its decision-making process lacks stability across repeated analyses.

The results for H3 (effectiveness in classifying the type and nature of the stabilization
system) were mixed. ChatGPT-4o effectively identified the presence of stabilization systems
but struggled with the precise classification of type and system (e.g., MCGR classification
accuracy of only 18%). BiomedCLIP, despite its limitations in basic detection, performed
slightly better in distinguishing specific types of stabilization systems once hardware was
recognized, albeit with suboptimal accuracy. This indicates that while ChatGPT-40 is more
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effective at recognizing the presence of stabilization, BiomedCLIP provides more structured
classification but requires further optimization to improve accuracy.

4.1. Generalist vs. Specialist Al: Understanding the Superior Detection Performance of
ChatGPT-4o in Spinal Stabilization System Identification

The results of our study indicate that ChatGPT-40 outperformed BiomedCLIP in de-
tecting the presence of spinal stabilization systems, contradicting H1, which hypothesized
that BiomedCLIP would demonstrate superior accuracy due to its specialization in medical
image analysis. Several factors may explain this unexpected finding, aligning with recent
insights from Al research.

The finding that ChatGPT-40 outperformed BiomedCLIP in detecting spinal stabi-
lization systems—despite contradicting Hypothesis 1—invites further interpretation. One
possible explanation is the trade-off between generalization and specialization—ChatGPT-
40, as a generalist model, was trained on a vast and diverse dataset encompassing both
text and images, which may have endowed it with the ability to detect features beyond
the medical context. Its ability to detect broad patterns and high-contrast features, like
stabilization systems, may explain its strong performance in binary classification tasks. In
contrast, BiomedCLIP was fine-tuned for specific tasks related to matching medical images
to text, suggesting a greater reliance on textual descriptions in the classification process.
This study tested the model solely on image data, which could limit its ability to precisely
recognize stabilization systems. A similar phenomenon has been described in the litera-
ture, indicating that generalist models like ChatGPT-40 can achieve competitive results
in X-ray image analysis, particularly in tasks involving the detection of distinct contrast
structures, without the need for deep semantic interpretation of the image. In summary,
BiomedCLIP utilized stringent decision thresholds, while ChatGPT-4o likely had exposure
to more diverse radiographic images, including variable contrast, noise levels, and differ-
ent anatomical conditions, which may have enhanced its adaptation to unknown clinical
cases [32]. Conversely, despite being tuned to the PMC-15 dataset (15 million image-text
pairs), BiomedCLIP may not have been sufficiently trained on posturographic X-ray images
of the spine with stabilization implants. This was confirmed by analyses indicating that the
diversity of training datasets is crucial for models” generalization capabilities. Significant
roles may also be played by differences in feature extraction mechanisms—ChatGPT-40
likely utilizes a vision model based on the transformer architecture, similar to CLIP or
GPT-Vision, known for efficiently detecting objects even in complex scenes [32]. It is possi-
ble that its classification relies more heavily on detecting features of shape, contrast, and
texture, facilitating the identification of metallic structures such as MCGR or PSF systems,
regardless of their orientation or intensity levels. In contrast, BiomedCLIP, despite using
a ViT-based vision encoder, may be optimized primarily for multimodal search, which
limits its effectiveness in purely visual tasks. The results indicate that ViT models tuned
to text—image retrieval may not achieve a maximum performance in tasks requiring in-
dependent image analysis [33]. Finally, key aspects may include differences in models’
confidence thresholds and decision boundaries. ChatGPT-40 might have employed more
lenient classification thresholds, resulting in high sensitivity in detecting stabilization sys-
tems, even with some level of uncertainty. This approach could increase the number of
correctly identified cases, although, in other contexts, it might lead to a higher number
of false positive results. In contrast, BiomedCLIP may have used more rigorous decision
boundaries, which increased its precision, but might also have led to a higher number of
missed detections (false negatives). The work Generative Artificial Intelligence in Anatomic
Pathology suggests that more conservative models, operating at high decision thresholds,
may more effectively avoid false positive errors, but might also be more susceptible to
missing significant detections [34]. Jegham et al. suggested that ChatGPT-40 employs
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a well-calibrated mechanism for recognizing uncertainty, which could explain its high
efficacy in detection tasks. Overall, the results of this study indicate that generalist models
like ChatGPT-40 can achieve high effectiveness in medical image classification due to
their broad exposure to diverse data and more flexible feature extraction mechanisms [35].
However, specialist models, although often characterized by greater precision in their niche
applications, might be more limited in tasks requiring independent visual analysis without
textual support.

4.2. Possible Explanations for the Confirmation of H2 (Model Response Consistency)

The confirmation of H2, which predicted that BiomedCLIP would demonstrate greater
consistency in classifying spinal stabilization systems than ChatGPT-4o, can be attributed
to several key differences in their architectures, training methodologies, and response
mechanisms. Below are potential explanations for why BiomedCLIP exhibited perfect
agreement (AC1 = 1.00) across repeated classifications, while ChatGPT-40 showed response
variability, particularly in complex classification tasks.

4.3. Deterministic vs. Probabilistic Decision-Making

Research on multimodal Al models like BiomedCLIP and ChatGPT-4o has highlighted
fundamental differences in their approach to image classification, stemming from distinct
decision-making mechanisms. BiomedCLIP, optimized for medical imaging analysis, ex-
hibits deterministic behavior—its classifications are repeatable and consistent, regardless of
the number of iterations with the same image. This predictive structure is characteristic of
specialist models trained on structured datasets, where precise and consistent image inter-
pretation is critical [36]. In contrast, language—visual models like ChatGPT-40 introduce a
probabilistic component to image analysis. As a transformer-based LLM, GPT-40 does not
operate like a traditional deterministic classifier—its predictions can vary depending on
temperature settings, token sampling methods, and subtle differences in data preprocess-
ing [37]. This mechanism means that while ChatGPT-40 may show a high sensitivity in
initial structural detection, its specific classifications may fluctuate between subsequent
analyses of the same photo. Probabilistic models are commonly used in radiology and
diagnostic description generation, as their ability to interpret data stems from estimating
probability distributions between possible outcomes and actual labels [38]. Moreover,
vision—language analysis indicates that the classification mechanisms in models like GPT-
40 are based on comparing probability distributions, reinforcing the thesis about their
probabilistic nature [39]. In the context of medical applications, studies on transformer-
based models suggest that although they may exhibit some level of determinism in task
planning, their final responses to diagnostic questions remain variable depending on the
input data and result generation methods [40]. These findings highlight key differences
between deterministic and probabilistic models: BiomedCLIP delivers consistent results,
while ChatGPT-4o offers flexibility, but may vary depending on input conditions.

4.4. Differences in Model Training Objectives and Architecture

Studies on multimodal Al models like BiomedCLIP and GPT-4o reveal fundamen-
tal differences in their training objectives, architectures, and image processing methods.
BiomedCLIP, designed for precise image—text alignment, relies on contrastive learning and
uses fixed embeddings and a highly structured visual feature extraction pipeline, making
its classifications consistent and repeatable upon multiple analyses of the same image [41].
Its deterministic nature has been confirmed in studies on the stability of specialist models
in image analysis, which indicate that BiomedCLIP maintains a high precision by tightly
matching image features to its prior representations [42]. In contrast, ChatGPT-4o, as a
general-purpose model, does not rely on static embeddings in the same way. Its visual
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system interprets images dynamically, in the context of prior experiences and a broad range
of training data, which can lead to slight variations in the classification of the same image
across different iterations [43]. The literature emphasizes that such models may struggle
with the fine classification of hierarchical structures, like distinguishing MCGR and PSF
systems in X-ray images, due to their more abstract feature extraction strategy [44]. Unlike
BiomedCLIP, tuned for medical image analysis, it exhibits higher stability in text—visual
image classification, but its effectiveness may be limited in tasks not requiring direct linkage
to textual data [45]. In summary, these studies confirm that BiomedCLIP, as a specialist
model, achieves high precision by tightly matching visual features, while GPT-40, with
its generative nature, applies a dynamic approach to image analysis, which may result in
some fluctuations in the classification of the same image between iterations.

4.5. Handling of Complex Morphological Features in X-Ray Images

Research on multimodal Al models indicates that BiomedCLIP offers greater consis-
tency in radiographic classification than LLM-based models like ChatGPT-40, due to its
structured approach to feature extraction. As a model optimized for medical image anal-
ysis, BiomedCLIP uses precise feature mapping and is fine-tuned to specialized datasets
such as PMC-15 (15 million image—text pairs), which minimizes classification ambiguity
and allows for more accurate assignment of images to specific diagnostic categories [46].
Although this approach permits a degree of flexibility, it means that medical image classifi-
cation may be more prone to errors, especially in cases of structures with high density and
morphological similarity [47]. Furthermore, the literature suggests that in LLM models,
image classification often relies on image—text matching strategies, which can lead to
ambiguous results in strictly visual tasks where textual context is not available [48]. This
phenomenon is particularly noticeable in the analysis of X-ray images with high-density
anatomical structures, where LLM-based models exhibit greater variability in results com-
pared to BiomedCLIP, which uses dedicated medical encoders, such as Biomed CLIP-CXR,
to reduce classification discrepancies [49]. Additionally, the heuristics used by LLM models,
including GPT-4o, are not precise enough to achieve effectiveness comparable to deep learn-
ing systems designed specifically for medical image analysis [50]. In the context of clinical
applications, this suggests that models like BiomedCLIP may be more suitable for precise
diagnostic tasks, while generative models, although potentially useful in exploratory tasks,
may require additional mechanisms to stabilize results in order to obtain repeatable and
reliable predictions.

4.6. Influence of Decision Thresholds and Ambiguity Tolerance

The analysis of decision thresholds used by BiomedCLIP and ChatGPT-40 points
to significant differences in their approach to medical image classification, particularly
regarding sensitivity in detection and prediction stability. BiomedCLIP appears to employ
a stringent certainty threshold for classification, meaning it assigns labels only when the
forecast meets a high criterion of reliability. This approach increases result stability and
reduces the number of incorrect classifications, but it may also lead to reduced sensitivity
in detecting less distinct radiographic structures [51]. Since BiomedCLIP has been fine-
tuned to specialized medical datasets, its classification decisions are strongly dependent on
previously learned patterns, which may limit its ability to adapt to new clinical cases and
rare anomalies [52]. Conversely, ChatGPT-4o features a more flexible certainty threshold,
which allows it to more effectively detect the presence of spinal stabilization systems,
but also means its classifications may be less stable. As a generative model based on a
probabilistic approach to image processing, GPT-40 tends to exhibit greater sensitivity in
classification tasks, increasing the number of correct detections, but also making it more
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susceptible to erroneous identifications in cases of structurally similar objects [53]. This
is because LLM models like GPT-40 apply a dynamic approach to classification decisions,
where prediction is based on probability estimation and gradual alignment with the most
likely category, which can lead to greater variability in results compared to deterministic
models like BiomedCLIP [43]. Research on multimodal Al systems indicates that generalist
language—visual models can achieve high effectiveness in detecting broad object categories,
but lose precision when classification requires distinguishing fine differences between
structures [38]. These findings underscore the critical role of selecting a certainty threshold
in designing Al models for medical applications, and suggest that the effectiveness of
image analysis systems can be optimized by combining the advantages of both specialist
and generalist models.

4.7. Explaining the Results for H3: Effectiveness in Classifying the Type and Nature of
Stabilization Systems

The findings for H3 suggest that ChatGPT-40 was highly effective at detecting the pres-
ence of stabilization systems, but struggled with detailed classification, whereas Biomed-
CLIP, despite lower overall detection rates, performed slightly better in differentiating
between stabilization system types (Growing vs. Non-Growing) and specific systems
(MCGR vs. PSF), albeit with suboptimal accuracy. Several factors likely contributed to
these results.

4.8. BiomedCLIP’s Dependence on Structured Feature Representations

BiomedCLIP features a structured approach to classification, enabling it to more ac-
curately determine the type and structure of a spinal stabilization system once detected.
Unlike general-purpose models such as ChatGPT-40, BiomedCLIP employs a more logical
and hierarchical classification scheme, which allows it to achieve a higher accuracy when
differentiating between MCGR and PSF systems [42]. BiomedCLIP’s lower implant detec-
tion accuracy likely results from its primary design focus on image-to-text matching, rather
than direct object recognition. Research on multimodal Al systems shows that models
integrating textual analysis perform better in structural classification and contextually
demanding tasks, but struggle with object classification when the textual input component
is absent [54]. In the context of medical classification, this may mean that BiomedCLIP is
better suited for tasks where image analysis is supported by descriptive metadata, allowing
it to more finely distinguish similar anatomical structures. In contrast, ChatGPT-4o relies
mainly on visual patterns and more flexible heuristic classification, which enables it to
effectively detect high-contrast objects, but may lead to greater variability in their subse-
quent classification. These differences highlight that while BiomedCLIP achieves greater
accuracy in fine-grained classification after initial object detection, generative models like
ChatGPT-40 may perform better in tasks requiring high-sensitivity detection, but with a
greater risk of incorrect detailed classifications. This suggests that an optimal approach to
medical image analysis might involve a hybrid application of both types of models—using
a general model for structure detection and a specialized model like BiomedCLIP for
precise hierarchical classification.

4.9. Difficulty in Differentiating Morphologically Similar Hardware

Spinal stabilization systems such as MCGR and PSF often exhibit significant visual
convergence in posturographic X-ray images, especially when viewed from different angles
or under varying contrast conditions. This structural similarity can pose a challenge for
Al models like ChatGPT-40, which largely base their classification decisions on shape
heuristics rather than detailed morphological analysis. Research on radiological image
interpretation shows that ChatGPT-40 often uses global visual features for decision-making,
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which can lead to erroneous classifications, especially when the analyzed objects exhibit
significant visual similarity [55]. Similar limitations have been observed in other areas
of medical diagnostics—for example, in zero-shot classification of lung diseases, where
Al models struggled to identify unknown patterns without access to highly specialized
datasets [56]. In contrast, multimodal models like BiomedCLIP may partially compensate
for this issue by utilizing textual associations, which allows them to more precisely differ-
entiate structures with a high degree of visual similarity. BiomedCLIP, fine-tuned based on
large image—text pair datasets, likely uses contextual language connections to improve
the hierarchical classification of stabilization systems, although its effectiveness remains
limited due to inadequate coverage of these specific cases in training sets [57]. The literature
has indicated that for diagnosing diseases with similar morphological progression, such
as oral lichen planus, Al models, including ChatGPT-4o, struggled to differentiate subtle
features of the disease without specialized training [58]. This points to a broader problem
of generalist models, which despite high effectiveness in classifying structures with distinct
contrast, may not perform equally well in tasks requiring detailed differentiation of similar
objects.

4.10. ChatGPT-40’s Variability in Classification of Specific Systems

The inconsistency in classification observed with ChatGPT-4o0 stems from its prob-
abilistic nature, which causes its results to vary between iterations, even if the initial
detection of the stabilization system was correct. This issue is particularly evident in
hierarchical classification tasks, where the model must first determine the general cate-
gory of an object and then precisely assign it to a specific subtype. In the classification of
spinal stabilization systems MCGR and PSF, it was noted that although ChatGPT-4o0 could
effectively detect the presence of an implant, its decisions regarding the specific type of
system were less consistent and showed significant variability across iterations [59]. This
phenomenon has been widely documented in studies on transformer-based models, which
often exhibit classification instability in tasks requiring the recognition of subtle structural
differences [34].

In anatomical classification, where distinguishing minor morphological differences is
necessary, Al based on probabilistic mechanisms often changes its predictions depending
on subtle changes in input data, which makes their effectiveness in classifying detailed
subtypes lower than in general categories. A similar problem was observed in studies
on taxonomic classification, where generative models, such as TaxonGPT, struggled with
transitioning from broad categories to more detailed subdivisions, leading to reduced
accuracy in subtype classification [60].

In the context of medical image analysis, this means that while ChatGPT-40 achieves
high effectiveness in recognizing high-contrast structures, its classification at a more de-
tailed level is less predictable. An additional factor affecting result variability is how
transformer-based models interpret visual features depending on input conditions and
sampling strategies. Research shows that such Al may be prone to inaccuracies, especially if
a given image lacks clear features enabling precise assignment to a specific subcategory [61].

In the classification of spinal stabilization systems, this means that while ChatGPT-
40 may correctly detect an implant, its classification of the specific system type is more
susceptible to fluctuations arising from contextual differences in image processing. This
phenomenon suggests that models with a probabilistic architecture may require additional
mechanisms to stabilize outcomes in tasks requiring consistent hierarchical classification,
particularly in the context of medical diagnostics, where precision and repeatability of
results are critical.
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4.11. Clinical Implications of GPT-40’s Diagnostic Stability

The high stability of GPT-40 in detecting the presence of spinal stabilization systems
across repeated analyses suggests important clinical implications. In particular, its consis-
tent performance in binary classification tasks may support real-time decision-making in
radiological triage, especially in resource-limited settings. Its ability to reliably identify
the presence of metallic hardware could enhance workflows by pre-screening images for
further specialist evaluation. While GPT-40 shows limitations in precise classification of
hardware type, its robustness in identifying hardware presence highlights its potential
as an effective support tool in early diagnostic pipelines or as a cross-verification step in
clinical practice.

4.12. Analysis of BiomedCLIP Performance on Stabilization Classification

Initial evaluation of the BiomedCLIP model’s performance indicates a moderate
capability in differentiating between the presence and absence of spinal stabilization inter-
ventions. The model demonstrates reasonable accuracy when classifying images as either
exhibiting evidence of stabilization or showing no such intervention. However, a significant
performance degradation is observed when the task requires finer-grained classification,
specifically distinguishing between different types of stabilization systems.

In scenarios requiring differentiation among specific stabilization methods, the model
exhibits a pronounced bias towards selecting labels containing the term ‘stabilization’,
irrespective of other relevant label components. This behavior suggests a potential issue
related to the semantic weighting of the term ‘stabilization” within the model’s learned
representations. The frequent occurrence of ‘stabilization” in the training data, particularly
in the context of the MCGR system (where the term is often used even when referring to
alternative approaches), may have led to an overemphasis on this specific term. This creates
an ‘archetype effect’, where the strong semantic association of ‘stabilization” overshadows
other, more nuanced, aspects of the image and label.

Furthermore, the use of negative labels, such as ‘no stabilization’, presents an addi-
tional challenge. Negation, while readily understood by humans, remains a significant
difficulty for many machine learning models, particularly in natural language processing.
One of the primary challenges arises from the complexity of negation scope detection,
which affects tasks like sentiment analysis and text classification. Despite advancements in
deep learning, accurately replicating human-like interpretations of negation remains an
open problem [62]. The model may struggle to correctly interpret the negation of a concept
(‘stabilization”) that has a strong, positive association in its training data. The inherent
illogical nature—from the model’s perspective—of negating a strongly established concept
likely contributes to the observed misclassifications.

It is important to emphasize that BiomedCLIP was not specifically trained on ra-
diographic datasets featuring spinal stabilization hardware. As an open-source model
developed for broad biomedical image—text alignment, its training corpus did not explic-
itly include posturographic X-ray images with metallic implants such as MCGR or PSF
systems. Therefore, this study aimed not to critique a misapplication of the model, but
rather to explore its potential when applied to a complex diagnostic task outside its original
design scope. The observed limitations in implant detection may stem from the model’s
lack of exposure to high-density artifacts commonly associated with surgical instrumenta-
tion, highlighting a broader challenge in transferring specialist Al models to new clinical
domains without targeted fine-tuning. These findings underscore the necessity of dedi-
cated retraining on implant-specific datasets if BiomedCLIP is to be effectively adapted for
orthopedic diagnostics.
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4.13. Study Limitations

This study has several limitations that should be considered when interpreting the
results. First, although the dataset consisted of 270 posturographic X-ray images selected
according to strict inclusion and exclusion criteria, the sample size remained relatively
small compared to large-scale Al evaluation studies. The limited dataset may affect the
generalizability of the findings, particularly regarding the Al models’ ability to handle
a broader range of anatomical variations, image quality discrepancies, and cases with
atypical spinal deformities.

Second, while the study included a rigorous three-stage evaluation process for Al-
based image interpretation, the methodology inherently relies on textual responses gen-
erated by ChatGPT-40, which are subject to variability due to the model’s probabilistic
nature. This variability may not have been fully accounted for, even with repeated testing
in this study. Future research should explore methods to quantify and mitigate variability
in Al-generated responses to improve reproducibility.

Third, BiomedCLIP, although fine-tuned on the PMC-15 dataset, was not explicitly
trained on pediatric posturographic spinal images, which could have influenced its per-
formance in this domain. The model’s reliance on text—image alignment suggests that its
effectiveness may be enhanced with additional fine-tuning on a dataset specifically curated
for pediatric scoliosis imaging. Additionally, the model’s classification accuracy may have
been impacted by the resolution and format of the X-ray images (JPEG, 2663 x 1277 px),
as medical imaging Al models often benefit from higher-resolution DICOM formats that
preserve more radiographic details.

Finally, the computational environment used for BiomedCLIP’s training and eval-
uation, while standardized, may differ from real-world clinical deployment conditions.
Factors such as processing power, inference time, and real-time interpretability were not ex-
tensively analyzed in this study. Future work should assess how these Al models perform in
clinical workflows, considering integration challenges, latency, and model interpretability
for radiologists and orthopedic specialists.

Another important consideration is the broader limitation of using open-source Al
models in clinical settings. Although models like GPT-40 and BiomedCLIP are accessible
and promote innovation, they lack regulatory approval, clinical validation, and task-
specific fine-tuning. These factors may limit their reliability and trustworthiness in high-
stakes diagnostic contexts. Moreover, open-source models often rely on general datasets
that do not adequately represent specialized medical scenarios, such as pediatric spinal
stabilization. This study contributes to addressing these gaps by highlighting specific
strengths and weaknesses of such models in a controlled evaluation, offering a foundation
for future refinement and clinical adaptation.

Despite these limitations, the study provides valuable insights into the comparative
performance of ChatGPT-40 and BiomedCLIP in spinal stabilization system detection and
classification. Future research should expand dataset diversity, explore additional Al fine-
tuning strategies, and investigate clinical feasibility to enhance the practical application of
Al-driven scoliosis assessment.

4.14. Future Directions for Model Validation and Improvement

To ensure clinical relevance and broader applicability, further validation of Al models
for spinal stabilization system detection is essential. Future research should focus on
fine-tuning models like BiomedCLIP using larger, multicenter datasets specifically curated
for pediatric spinal imaging with surgical implants. Additionally, combining generalist
and specialist models may enhance diagnostic accuracy. Prospective clinical testing and
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integration into radiology workflows will be key to evaluating the real-world utility and
safety of such systems.

5. Conclusions

This study provides a comparative evaluation of ChatGPT-40 and BiomedCLIP in
the detection and classification of spinal stabilization systems on pediatric posturographic
X-ray images. The findings highlight key differences between these Al models in terms of
detection accuracy, classification consistency, and interpretability in a clinical context.

ChatGPT-40 demonstrated a higher sensitivity in detecting the presence of a spinal
stabilization system compared to BiomedCLIP. However, its probabilistic nature resulted
in classification inconsistencies, particularly in distinguishing between MCGR and PSF
stabilization systems. The model’s reliance on general shape-based heuristics likely con-
tributed to its misclassification of visually similar structures, reinforcing prior findings that
generalist Al models may struggle with fine-grained medical classification tasks without
extensive domain-specific training. Despite its high detection rate, ChatGPT-40’s variable
responses across repeated trials indicate a need for stability-enhancing mechanisms in
clinical applications.

In contrast, BiomedCLIP exhibited greater classification consistency, particularly in
hierarchical differentiation between stabilization system types. Its structured classification
approach, combined with its image—text alignment capability, allowed for more precise
subtype identification once a system was detected. However, its lower sensitivity in
initial detection suggests that its performance was limited by dataset constraints and its
primary optimization for image—text retrieval rather than pure visual analysis. While
BiomedCLIP demonstrated advantages in structured classification, its dependency on
specialized training data underscores the importance of domain-specific fine-tuning for
optimal medical Al performance.

The study also underscores broader challenges associated with Al-based radiological
interpretation, including model variability, dataset limitations, and the need for standard-
ized evaluation protocols. The differences observed between ChatGPT-40 and Biomed CLIP
suggest that neither model, in its current state, offers a fully reliable standalone solution
for automated scoliosis assessment. Instead, a hybrid approach—leveraging the detection
sensitivity of generalist models like ChatGPT-40 and the classification consistency of spe-
cialized models like BiomedCLIP—may offer a more robust framework for Al-assisted
spinal imaging analysis.

Future research should focus on expanding dataset diversity, refining Al training
methodologies, and integrating multimodal AI models into clinical workflows to improve
both detection accuracy and classification reliability. Additionally, exploring methods to
enhance model interpretability and reduce response variability will be crucial for increasing
the clinical trustworthiness of Al-assisted radiological assessments. Despite its limitations,
this study provides valuable insights into the capabilities and challenges of AI models in
pediatric spinal imaging, paving the way for further advancements in automated scoliosis
evaluation.
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Abstract

Background/Objectives: The potential advantages of robotic assistance in spinal proce-
dures are a growing area of interest, and patient perception plays a key role in its broader
acceptance. However, public perception of robotic surgery in spinal operations remains
unexplored. This study aims to assess the general public’s perceptions, expectations, and
concerns regarding robot-assisted spine surgery. Methods: In the fall of 2024, a question-
naire was distributed to attendees at a public open day at the Neurocenter of Southern
Switzerland, where the Globus ExcelsiusGPS™ spine surgery robot was demonstrated live
on a mannequin. The 15-item questionnaire assessed demographic data, prior knowledge
of medical robots, mental representations of surgical robots, expectations, and emotions
after witnessing the demonstration. Data were analyzed using descriptive statistics, chi-
square, Wilcoxon, McNemar tests, and logistic regression analysis. Results: A total of
109 questionnaires were collected. Most participants were female (64.4%) and had no direct
experience with spinal pathology (79.8%). While 87.2% were aware of robotic surgery in
general, only 65.1% specifically knew about its use in spine surgery. After witnessing the
live demonstration, 81.9% felt reassured by the robot’s presence in surgery, compared to
61.3% before the demonstration (p = 0.007). Preference for robot-assisted surgery increased
from 50.5% to 64.5% (p < 0.001). Notably, individuals with back-related issues showed
greater confidence in the robot’s capabilities (p = 0.032). Conclusions: The general public
perceives robotic spine surgery positively, viewing it as faster, more precise, and capable of
performing tasks not readily performed by humans. The study highlights the importance
of live demonstrations in enhancing trust and acceptance of robotic systems. Its findings
have economic implications, as patients may be more likely to choose hospitals offering
robot-assisted spine surgery. However, it is essential to also acknowledge alternative
methods, such as computer-assisted navigation, which has demonstrated efficacy in spine
surgery.

Keywords: spine surgery; robotic surgery; spinal instrumentation; navigation; enabling
technology

1. Introduction

Advances in medical technology have reshaped modern healthcare, with robotics
emerging as a novel innovation in various surgical disciplines, including spine surgery.
Robot-assisted surgery aims to improve precision, reduce surgical invasiveness and recov-
ery times, and thereby enhance surgical outcomes. Yet, the integration of robotic systems
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in the operating room has elicited mixed reactions from the general public, ranging from
enthusiasm [1] to skepticism [2].

Media has been shown to influence people’s perceptions of robots [3]. Science fiction
books, movies, and television series often depict autonomous robots in dystopian contexts,
triggering anxieties about machines replacing human control and decision-making. It can
be assumed that these cultural representations contribute to public reluctance, as people
project these fictional scenarios onto real-world technologies.

The transition from conventional freehand technique to robot-assisted spine surgery
has unfolded over an extended period of time, progressively incorporating technologi-
cal breakthroughs as they emerged. While freehand technique solely relies on surgeons’
anatomical knowledge and experience to guide screw placement, the use of intraoperative
radiography and subsequently fluoroscopy provided an initial form of image guidance
for screw insertion from the 1970s to the present day [4]. The advent of computer-assisted
3-dimensional navigation marked a significant advancement by enabling real-time visual-
ization without direct sight and enhancing the precision of screw placement [5]. Robotic
systems became commercially available from the 2000s, offering pre-planned trajectories
and automating key steps previously dependent on manual execution in an attempt to
further reduce screw placement inaccuracy [6,7]. A recent web-based survey conducted in
2023 among AO Spine members found that less than half regularly used spinal navigation
and that one-third had never used a spinal navigation system, while only 19% identified
themselves as robotic users [8], highlighting that although there is an evolution in the devel-
opment of these technologies and methods, they remain widely in contemporaneous use.

The adoption of robotic systems in spine surgery therefore remains relatively
recent [9,10] when compared to other better known medical robots such as the da Vinci
Surgical System (Intuitive Surgical, Sunnyvale, CA, USA), used in abdominal, urological,
and gynecological surgery. Consequently, there is still only limited comprehensive data on
the long-term outcomes of robotic spine surgery. While early clinical studies suggest posi-
tive results [7,11], the novelty of the technology and the lack of extensive application may
contribute to uncertainty over its potential advantages. The perspective of spine surgeons
has been surveyed in this regard and viewed as positively impacting surgical training
and practice [12,13], but the expectations and concerns of the general public regarding
robot-assisted spine surgery have not yet been explored. Although the adoption and use
of novel technology is ultimately driven by its clinical utility, other factors may influence
its integration, such as its costs, surgeons’ willingness to adapt to new workflows, and
patients’ views, as their involvement in care and management decisions increases.

Given the rapid pace of technological advancement and its potential benefits in spine
surgery [7], understanding public perceptions of robotic surgery systems is essential—and
particularly how these perceptions are shaped by demographics and personal background
and experience—to ensure the successful integration of these technologies into clinical
practice [14]. The aim of this study, therefore, is to investigate public perception of robot-
assisted spine surgery for the first time.

2. Materials and Methods

This article follows the “Strengthening the Reporting of Observational Studies in
Epidemiology (STROBE) Statement” checklist [15].

ChatGPT (version 3.5) was solely used to assist in English language editing, after the
manuscript had been completed. All content, including the interpretations of results and
conclusions, was generated and reviewed by the Authors alone. No Al tool was used to
generate scientific content, analyze data, or draw conclusions.
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2.1. Questionnaire and Survey

In the fall of 2024, the Neurocenter of Southern Switzerland held an open day for the
general public. During this event, the neurosurgery department conducted a demonstration
of the Globus ExcelsiusGPS™ spine surgery robot. Participants had the opportunity to
observe the robot in action, interact with spine surgeons and company representatives,
and operate the robot firsthand on an anatomical training model. A model-based expla-
nation was also provided to clarify how the procedure is typically performed without
robotic assistance.

A questionnaire was distributed to explore the general public’s knowledge, expecta-
tions, and concerns regarding the use of robots in spine surgery.

This 15-item questionnaire was divided into six sections: (1) demographic data;
(2) prior knowledge of surgical robots; (3) mental representation of a surgical robot; (4)
expectations of intraoperative robotic assistance; (5) emotions associated with its use prior
to witnessing the robot demonstration; and (6) feedback after witnessing the robot demon-
stration. Questions 1-13 of the survey were filled out by participants before witnessing the
robot demonstration, while questions 14-15 were filled out after, to capture participants’
perceptions before and after exposure to the robotic system.

The initial draft was developed by the authors (L.F., A.M., and 1.C.) based on expert
input and iterative review. It was then evaluated by individuals from 5 different profes-
sional categories (1 neurosurgeon not involved in the study, 5 scrub nurses, 5 ward nurses,
5 medical secretaries, and 2 non-medical professionals) to assess its completeness, clarity,
and ease of use. The final version of the questionnaire was revised based on the feedback
received (Figure 1).

The data were collected anonymously and recorded in an Excel sheet for statistical analysis.

2.2. Statistical Analysis

Qualitative data were presented as absolute numbers with the corresponding per-
centages. The association between robot-specific random variables and subject-relevant
variables was assessed using the chi-squared test. The impact of the robot’s public pre-
sentation on concerns about its use in surgery and the choice of undergoing surgery
in a robot-equipped hospital was estimated using the Wilcoxon test and the McNemar
test, respectively. To identify potential predictors of the choice to undergo surgery in a
robot-equipped hospital, univariable logistic regression analyses were performed.

All statistical tests were two-sided, and a p-value of <0.05 was considered statistically
significant. Statistical analysis was performed using Stata version 17.0 software (StataCorp
LP, College Station, TX, USA).
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PERCEPTION OF ROBOTS IN SPINAL SURGERY

Participant Information

1  Gender [wm F
2 AgeRange(years) [ ]18-25 []26-35 [ ]36-50 [ |51-65 [ ]66-80 [ |>80
3 Do you experience any back problems
(regardless of whether they have been [Jves [Ino
formally diagnosed by a doctor)?
4 Have you ever undergone surgery to the
spine? []Yes [CIno
5 Has anyone in your close circle (family, D YES |:|NO

friends) had spinal surgery?
6 What is your profession?

Knowledge of Robots
7  Areyou aware of the existence of robots used in...
a Surgery (in general)? [Jves [ INo
b  Spinal surgery? [Jves [INo
8 If yes, how did you learn about it?

Representation
9 What shape do you think a surgical robot has?
10 How big do you think it is?

[] very small [] Human-sized [] Larger than a human

Expectations

11 Do you think a robot... (1 = strongly disagree; 3 = strongly agree)

a Is safer than a human? 1 2 3

b Is faster than a human? 1 2 3

c Is more precise than a human? 1 2 3

d Is cleaner (fewer infections) than a human? 1 2 3

e Can perform actions that a human cannot do? 1 2 3

f Can make autonomous decisions? 1 2 3

g Does not require the presence of a surgeon in the operating room? 1 2 3

h Reduces the length of the hospital stay? 1 2 3

i Increases the cost of surgery? 1 2 3
Emotions

12 How does the idea of a robot participating in surgery make you feel?

1 2 3
Worried Indifferent Reassured

13 Would the presence of a robot in the operating theatre favour your
choice of hospital? D YES DNO

Questions to answer after seeing the robot
14  Now how does the idea of a robot participating in surgery make you feel?
1 2 3
More worried Indifferent More reassured
15  Now would the presence of a robot in the operating theatre favour
your choice of hospital?” D YES DNO

Figure 1. Study questionnaire, translated into English from the original Italian. The layout and font
were intentionally preserved to accurately reflect the survey as presented to participants.

3. Results
3.1. Demographics

A total of 109 questionnaires were collected. The responses are summarized in Table 1.
Most participants were female (64.4%) and had no direct experience with spinal pathology:
79.8% reported no back problems, 96.3% had never undergone spine surgery, and 67.9%
had no close acquaintances who had undergone spine surgery.
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Table 1. Distribution of participants’ responses to the questionnaire.

n %

Sex

M 36 35.6

F 65 64.4
Age

18-25 11 10.1

26-35 15 13.7

36-50 38 34.9

51-65 29 26.6

66-80 15 13.8

80+ 1 0.9
Back problems

Yes 22 20.2

No 87 79.8
Previous spine surgery

Yes 4 3.7

No 104 96.3
Spine surgery in acquaintances

Yes 34 321

No 72 67.9
Job

Healthcare and social assistance 22 23.7

Business and finance 8 8.6

Education and academia 10 10.7

Hospitality and tourism 2 2.1

Construction and manual labor 13 14.0

Government and public administration 9 9.7

Science and research 1 1.1

Technology and engineering 3 3.2

Creative arts and media 1 1.1

Retired 24 25.8
Knowledge of robot in surgery (general)

Yes 95 87.2

No 14 12.8
Knowledge of robot in spine surgery

Yes 69 65.1

No 14 34.9
Source of information

Media 41 55.4

Work-related 21 28.4

Acquaintances 12 16.2
Shape

Robotic arm(s) 49 79.0

Computer box 1 1.6

Complex machinery 9 14.5

Other 3 49
Size

Smaller than a human 28 26.7

Human-sized 48 45.7

Bigger than a human 29 27.6
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Table 1. Cont.

n %
Expectations
Safer
1 7 6.6
2 65 61.3
3 34 32.1
Faster
1 9 8.3
2 43 39.8
3 56 51.9
More precise
1 5 4.6
2 27 25.0
3 76 70.4
Cleaner
1 10 9.3
2 39 36.1
3 59 54.6
Gestures impossible for a human
1 18 16.7
2 35 324
3 55 50.9
Autonomous decisions
1 86 79.6
2 15 13.9
3 7 6.5
Independent
1 91 84.3
2 11 10.2
3 6 5.6
Reduction in length of hospital stays
1 20 18.5
2 43 39.8
3 45 41.7
Increased costs of surgery
1 24 222
2 52 48.2
3 32 29.6
Before seeing robot
Reassured by the presence of robot
1 9 8.5
2 32 30.2
3 65 61.3
Choice of the hospital with robot
Yes 54 50.5
No 53 49.5
After seeing robot
Reassured by the presence of robot
1 2 1.9
2 17 16.2
3 86 81.9
Choice of the hospital with robot
Yes 69 64.5
No 38 35.5

Participants’ occupations were categorized into the following fields: healthcare and
social assistance, business and finance, education and academia, hospitality and tourism,
construction and manual labor, government and public administration, science and re-
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search, technology and engineering, creative arts and media, and retired. The largest
groups were retired individuals (25.8%) and healthcare workers (23.7%).

3.2. Knowledge, Expectations, and Concerns Regarding Robots in Spine Surgery

Most respondents were already aware of robotic technology in surgery: 87.2% knew
about its general application in surgery, while 65.1% were specifically aware of its use in
spine surgery. Participants’ replies concerning how they learnt about robot-assisted spine
surgery were categorized into the following fields: media, work-related, and acquaintances.
The primary source of information was the media (55.4%).

Regarding the mental representation of the robot, most participants described it as
having one or more robotic arms (79.0%) and being approximately human-sized (45.7%).
However, a quarter of participants imagined it as smaller than a human (26.7%), while
another quarter perceived it as larger than a human (27.6%).

In terms of expectations, compared to a surgeon, the robot was perceived as faster
(51.9%), more precise (70.4%), cleaner (54.6%), and capable of performing movements
impossible for a human (50.9%). However, the majority believed that the robot could not
make autonomous decisions (79.6%) or perform surgery without a surgeon present in the
operating room (84.3%), and 67.9% did not consider the surgical robot to be safer than a
human surgeon.

Trust in the robot’s capabilities was assessed before and after participants observed
a live demonstration of the robotic spine system. Initially, 61.3% felt reassured by the
presence of a robot during surgery, but this increased to 81.9% after the demonstration
(p =0.007). Similarly, before the demonstration, 50.5% stated they would prefer to be treated
in a hospital using robotic systems for spinal surgery, rising to 64.5% afterward (p < 0.001).

Multivariable analysis found no significant association between sex, age, profession,
and participants’ mental image of a surgical robot (questions 7-10), expectations of robotic
surgery (questions 11a—11i), or trust in robotic surgery before and after the demonstration
(questions 12-15). However, individuals with back-related problems were more likely to
believe that robots could perform movements impossible for a human (p = 0.032) and that
robot-assisted surgeries were less expensive (p = 0.036). No significant association was
found between past spinal surgeries and expectations of the robot.

4. Discussion
4.1. Key Findings

To the best of our knowledge, this study is the first to investigate public perception of
robot-assisted spine surgery. Our findings indicate that while most participants were aware
of robotic surgery in general, fewer knew about its specific application in spine surgery,
with media being the primary source of information.

Regarding the mental representation of spine surgery robots, most participants envi-
sioned them as having one or more robotic arms and being human-sized, though percep-
tions varied.

Participants generally viewed the robot as more precise, cleaner, and capable of
complex—but not autonomous—movements compared to a human surgeon; however,
most did not consider it necessarily safer. Trust in robot-assisted spine surgery significantly
increased after witnessing a live demonstration, as did the preference for surgery in a
hospital equipped with robotic systems.

Multivariable analysis found no significant associations between demographic factors
or profession and expectations, but individuals with back problems were more likely to
attribute unique capabilities to the robot.
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4.2. Comparison with Other Studies on Public Perception of Robotic Systems in Healthcare

Although data on the general public’s perception of robotic systems in spine surgery
was previously lacking, a few studies—although limited in number—have explored public
attitudes toward the introduction of robots in the medical field, revealing divergent views.
Aymerich-Franch et al. [1] reported a generally positive attitude towards the implementa-
tion of robots in healthcare. Moreover, they found an association between female sex and
religiousness with fear of robots. In contrast, our study did not observe a similar associ-
ation between gender—or any other demographic factor—and expectations or concerns
regarding robot-assisted spine surgery. Additionally, while our study did not assess the
religiousness of our participants, it did examine their professions and found no association
with expectations or emotions.

In contrast to Aymerich-Franch et al. [1], McDonnell et al. [2] found that the general
public perceives robotic surgery as risky. The authors suggest that this perception may stem
from the public’s non-expert understanding of the modality, potentially triggering fears of
increased complications. Our cohort did not significantly reflect such fears, as only 6.6%
of participants strongly disagreed with the statement that the spine surgery robot is safer
than a human surgeon, while 61.3% remained neutral and one-third actually considered
the robot to be safer. Participants also attributed other positive characteristics to the robot:
half believed it to be faster, cleaner, and capable of more complex movements than a
human surgeon, while more than two-thirds felt that it was more precise. Additionally, a
significant portion (41.7%) believed its use was associated with a reduction in the length of
hospital stays.

The fact that the vast majority of participants did not perceive the robot as autonomous,
while still recognizing the advantages stated above, suggests that it is viewed as a tool able
to refine the surgeon’s capabilities while remaining under human control. This is in line
with findings of Aymerich-Franch et al. [1] that showed that public acceptance was higher
for robots assisting a human rather than performing the role by itself.

In contrast, we found that individuals with back problems exhibited greater confi-
dence in the robot, more often believing it could perform movements beyond human
capability compared to participants without such issues—possibly due to dissatisfaction
with available therapies for their chronic condition, leading to heightened expectations of
emerging treatment modalities. They also assumed that robot-assisted surgery would be
less expensive. This finding may again be explained by their elevated expectations of this
novel technology, alongside their presumed increased awareness of healthcare costs, given
that Swiss patients typically receive their medical bills directly and contribute personally
up to a given threshold.

4.3. Implications

Although participants generally attributed positive baseline characteristics to the spine
surgery robot, we observed that trust in the robot further increased after they viewed a
live demonstration and interacted with it (61.3% before vs. 81.9% after, p = 0.007). Such
interactions likely facilitate a better understanding of the robot’s technical capabilities and
advantages, while also defusing fearful misrepresentations. Furthermore, our findings
suggest that opportunities to interact with the robot also positively influence participants’
preference for hospitals offering robot-assisted surgery. This observation can be perceived
as a marketing incentive for robot-naive hospitals to acquire this technology, and for hos-
pitals already equipped with a spine surgery robot to actively showcase it to the public.
However, it also raises concerns about the impact of selective promotion in relation to other
enabling technologies, such as non-robotic spinal navigation, which has demonstrated
its clinical utility [5] and is reported to have an accuracy similar to that of robotic assis-
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tance [11]. Additionally, the overridingly critical role of surgical skill and decision-making
may be overshadowed.

4.4. Study Strengths and Limitations

The questionnaire was developed through an iterative review process involving
individuals with and without a healthcare background to ensure comprehensiveness and
user-friendliness. To minimize hesitation in questions requiring a quantitative assessment
of feelings, a three-item response scale was used instead of the five-item Likert scale, as non-
experts may find it difficult to express varying degrees of opinions on such a specific topic.

Certain limitations should be considered when interpreting this study’s findings.
Firstly, while the decision to conduct this survey during an open day for the general
public aimed to recruit a diverse and representative sample of the general population,
the participant pool was relatively limited (N = 109) and may have been subject to a
selection bias as attendees were likely predisposed to an interest in our Neurocenter and
may not reflect broader public perspectives. Although the event was open to the general
public, a significant portion of participants (23.7%) worked in healthcare, and the largest
group (25.8%) was retired. This suggests that younger individuals may have been less
inclined to attend, potentially limiting the generalizability of our results across broader age
demographics. Additionally, participants’ education level may also affect generalizability.
While we had initially intended to investigate the influence of education level, we decided to
collect profession data as a surrogate to avoid making participants feel uncomfortable with
potentially intrusive questions. We found that profession was not significantly associated
with participants” representations of the surgical robot, or with their trust in the robotic
system before and after the demonstration. However, one-quarter of participants reported
being “retired” without specifying their previous profession, which limits the analysis.

Furthermore, age was surveyed as a categorical rather than a continuous variable
to classify participants by generation and reduce potential discomfort in disclosing their
exact age.

The results of this survey provide insights into the perception of robot assistance in
spine surgery. However, larger studies are needed to confirm the present findings. Notably,
our study suggests that the availability of a spinal robot may positively influence patients’
choice of hospital for undergoing surgery. However, this may also lead to diminished
consideration of alternative methods, such as computer-assisted navigation, despite their
demonstrated efficacy in pedicle screw placement.

5. Conclusions

Spine surgery is a rapidly evolving field driven by technological advancements, and
the adoption of surgical robots is a key consideration for both surgeons and hospital
administrators, who must weigh the benefits of this technology against its high costs,
in the presence of already well-established and effective alternatives such as computer-
assisted navigation. Patient perception also plays a crucial role in this process; yet, to our
knowledge, this is the first such study in the context of robot-assisted spine surgery.

This study suggests that the general population holds a positive attitude toward this
technology, viewing robots as faster, more precise, cleaner, and capable of performing
movements beyond human ability. We found that people felt reassured by the presence
of a robot in the operating theater, and this confidence was further strengthened after
witnessing the robot in action. Moreover, after a live demonstration of the spinal robot,
participants expressed a preference for treatment in a hospital that uses this technology
over one that has not implemented it. This finding has economic implications for hospitals
and also highlights the importance of exposing the general public to live demonstrations
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of new surgical technologies for reassurance in the face of novelty, while also prompting
necessary reflection on the influence of patient perception bias on decision-making and
the need to maintain a critical perspective on the benefits of new surgical techniques to
mitigate that bias.
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Abstract: Background/Objectives: The distorted vertebral body has been studied in scoliosis;
however, there is little knowledge about the difference between neuromuscular and idiopathic
scoliosis. This study aimed to investigate the vertebral body morphology in patients with spastic
quadriplegic cerebral palsy and scoliosis (CP scoliosis) and compare them with those of apex-
and Cobb angle-matched patients with adolescent idiopathic scoliosis (AIS). Methods: Thirty-four
patients with CP scoliosis and thirty-two patients with AIS were included. The pedicle diameter,
chord length, and vertebral body rotation were evaluated at one level above the apex, one level
below the apex, and at the apex using a reconstructed computed tomography scan. The apex of the
curve and Cobb angle were too diverse between patients with CP scoliosis or AIS. Eighteen patients
were matched in each group according to the apex and Cobb angle (within 5-degree differences) of
the major curve, and compared between matched groups (mCPscoliosis vs. mAIS). Results: In the
comparison of the apex and Cobb angle-matched groups, there was no statistical difference in the
Cobb angle between mCPscoliosis (80.7 + 13.8 degrees) and mAIS (78.6 & 13.6 degrees, p = 0.426),
and the vertebral body rotation (25.4 + 15.4° in mCPscoliosis vs. 24.4 £ 6.5° in mAIS, p = 0.594).
There was no difference in the pedicle diameters of either the convex (3.6 £ 1.1 mm in mCPscoliosis
vs. 3.3 £ 1.2 mm in mAIS, p = 0.24) or concave side (3.1 + 1.2 mm in mCPscoliosis vs. 2.7 £ 1.6
mm in mAIS, p = 0.127). However, the patients in the mCPscoliosis group were younger (12.7 +
2.5 years vs. 14.6 & 2.4 years, p = 0.001), and the chord length was shorter on the convex (38.0 & 5.0
mm vs. 40.4 + 4.9 mm, p = 0.025) and concave (37.7 & 5.2 mm vs. 40.3 = 4.7 mm, p = 0.014) sides
compared with those of the mAIS group. Conclusions: With a similar apex and Cobb angle, the
vertebral body rotation and pedicle diameter in patients with CP scoliosis were comparable to those
with AIS; however, the chord length was shorter in CP scoliosis. For the selection of the pedicle screw
in CP scoliosis, the length of the pedicle screw should be more considered than the diameter.

Keywords: pedicle; vertebral body; neuromuscular scoliosis; idiopathic scoliosis; cerebral palsy

1. Introduction

Scoliosis is defined as a coronal plane deformity of more than 10 degrees in the
spine; however, it is a three-dimensional deformity that includes vertebral body rotation
(VBR). A pedicle screw is inserted during scoliosis correction to fix all three columns and
achieve sufficient correction through rod derotation, distraction, compression, and direct
vertebral body rotation. Pedicle morphology must be clarified to insert the pedicle screws
correctly and avoid complications. Many previous studies investigating idiopathic scoliosis
involving an examination of altered pedicle morphology and the determination of the
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safe limits for pedicle screw applications have been performed [1-3]. In these reports, the
concave-side pedicle diameter (PD) was narrower, and VBR was severe around the curved
apex [4,5]. It is believed that the conditions in neuromuscular scoliosis may be similar, but
the differences or similarities between neuromuscular and idiopathic scoliosis have not yet
been comprehensively studied.

The Cobb angle at the time of diagnosis or operation is usually larger for neuromuscu-
lar scoliosis, and progression is more rapid than for idiopathic scoliosis. A greater-than-40-
degree Cobb angle was detected in almost 40% of cerebral palsy patients (GMFCS III-V) at
a mean age of 11 years, and the prevalence reached 62% in patients with non-ambulatory
cerebral palsy (CP) [6]. Additionally, the highest complication rates after scoliosis surgery
in patients with CP were reported, reaching up to 17% [7,8]. There are many reasons for the
high complication rate, such as poor oral intake, seizure, cardiopulmonary problems, and
severe curves. One of the important factors related to the complications in scoliosis with
CP may be the severely distorted vertebral body at high degrees of Cobb angle. It is even
more important to understand the severely distorted pedicle morphology in scoliosis with
CP because scoliosis correction techniques have evolved with advances in pedicle screw
instrumentation [9-12].

Several previous studies examined the vertebral morphology of neuromuscular scolio-
sis cases only in diverse disease groups with neurofibromatosis, spinal muscular atrophy,
Chiari malformation, or a small number of mixed diagnosed groups [13-17]. No com-
prehensive study has yet examined pedicle morphology in only patients with spastic
quadriplegic cerebral palsy and scoliosis. Furthermore, there have been few reports about
the comparison of vertebral body morphology between the different disease entities. In the
present study, we selected only spastic quadriplegic cerebral palsy scoliosis (CP scoliosis)
and compared the altered vertebral morphology with that of adolescent idiopathic scoliosis.

Among the various forms of neuromuscular scoliosis, patients with CP scoliosis are
usually non-ambulatory, the curve magnitude is severe, and the onset is very young; hence,
osteoporosis may be common, and the vertebral body would be skeletally immature. We
hypothesized that the vertebral body rotation and pedicle morphology in CP scoliosis may
differ from adolescent idiopathic scoliosis (AIS). However, the prerequisite for comparing
different etiologies is that the curve character should at least be similar between groups.
In the present study, we (1) evaluated VBR and pedicle morphology in non-ambulatory
patients with CP scoliosis or patients with AIS and (2) compared those parameters between
patient groups of CP scoliosis and AIS with apex and Cobb angle-matches of the major
curve, using reconstructed computed tomography (CT) images.

2. Materials and Methods
2.1. Patient Selection

This retrospective study was approved by the Yonsei University Health System, Sev-
erance Hospital, Institutional Review Board (approval number: 4-2022-0937), and was
conducted in accordance with the Declaration of Helsinki 2013. Informed consent waiver
was obtained from the Institutional Review Board. The primary outcome of this study was
to compare pedicle width between CP scoliosis and AIS. While there has not been a similar
study, we found some pedicle diameter data in previous research [17]. The pedicle width
was 4.7 = 1.0 mm for CP and 4.2 = 0.9 mm for AIS between T8 and L3, the common apex
of scoliosis. Based on this data, we calculated a sample size of 33 with a type I error of 0.05
and a power of 0.9 for each group.

Among all patients who underwent surgery for scoliosis in our clinic between 2019 and
2022, the data of those with available reconstructed CT images for surgery planning were
extracted. Of the 129 patients who met these criteria, 76 were found to have neuromuscular
scoliosis, and 35 were diagnosed with idiopathic scoliosis. Eighteen patients with congenital
or syndromic scoliosis were excluded.

Forty-one patients were diagnosed with cerebral palsy and neuromuscular scoliosis.
We excluded four patients who were older than 18 years, had undergone previous spine
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operations, or were independent ambulators. In 35 patients with idiopathic scoliosis,
3 patients were excluded because of spondylolytic spondylolisthesis, previous sternum
operation, or being over 18 years old. Finally, 34 patients with spastic quadriplegic cerebral
palsy and scoliosis (CP scoliosis) and 32 patients with adolescent idiopathic scoliosis (AIS)
were enrolled in the study (Figure 1).

Figure 1. Flow diagram of the inclusion and exclusion process.

Many patients with AIS had smaller Cobb angles than those with CP scoliosis, and the
apex in AIS was usually the middle of the thoracic spine. The apices of CP scoliosis were
T8 (1), T9 (4), T10 (4), T11 (3), T12 (8), L1 (3), L2 (4), L3 (7), but those of AIS were T7 (3), T8
4), T9 (7), T10 (5), T11 (2), T12 (4), L1 (2), L2 (4), and L3 (1). Because the vertebral body
between thoracic and lumbar is different, the comparison of the vertebral body morphology
should be performed at the same level. Additionally, the severity of Cobb angle may affect
to the vertebral body morphology. We collected patients with same apex of the major curve
and a similar major Cobb angle within 5-degree differences in both groups.

Comparison to find the difference in vertebral body morphology between CP scoliosis
and AIS was performed using data for each of the 18 patients with CP scoliosis (mCPscolio-
sis) and AIS (mAIS) matched for apex and Cobb angle (within 5-degree differences) of the
major curve. The matched apices were T8 (1), T9 (2), T10 (4), T11 (2), T12 (3), L1 (2), L2 (3),
and L3 (1).

2.2. Radiographic Measurements and Reconstruction of CT Images

All patients had a whole spine posteroanterior and lateral view radiographs taken
in the preoperative evaluation. Cobb angle measurements were taken from whole spine
posteroanterior radiographs obtained in the sitting position for CP scoliosis and standing
position for AIS using the line parallel to the upper endplate of the uppermost end vertebra
and the lower endplate of the lowermost end vertebra. The curve’s apex was defined as
where the curvature is most pronounced or severe. If the disc was the apex in CP scoliosis,
the above or below vertebra of AIS was defined as the apex for the matching.

CT scans were performed from the T1 to the S1 vertebrae with the patient in the supine
position using SOMATOM (Siemens Healthineers, Erlangen, Germany). The resulting
CT images were reconstructed using Syngo.via VB40 software (Siemens Healthineers,
Erlangen, Germany). The image contrast levels were standardized for clear soft tissue and
bone demarcation at the vertebral pedicles. The relevant vertebral body was identified by
counting upward from the sacrum and confirmed by counting the rib levels superiorly and
inferiorly. From the reconstructed sagittal and coronal images, a transverse image parallel
to the endplate plane in both the sagittal and coronal plane was reconstructed at the center
of the pedicle. When the superior and inferior endplate planes were not parallel owing to
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vertebral wedging, an orientation approximately halfway between (i.e., bisecting) the two
endplate inclinations was selected [18,19].

In total, 102 vertebrae with CP scoliosis and 96 vertebrae with AIS were measured.
Pedicle diameter (PD), chord length (CL), and vertebral body rotation (VBR) were evaluated
one level above the apex, one level below the apex, and at the apex using a reconstructed
CT scan [14,17-19]. PD was measured in the isthmus region, where the medial and lateral
middle cortical borders were the narrowest. The CL was measured as the distance between
the posterior cortical entry point of the pedicle and the anterior vertebral cortex in line with
the axis of the pedicle. VBR was measured as the angle between the vertical line and the
line that bisects the vertebral body (Figure 2). Additionally, the presence of neurocentral
synchondroses was investigated (Figure 3) [20,21].

Figure 2. (A) A female aged 10 years and 7 months had neuromuscular scoliosis with spastic
quadriplegic cerebral palsy. The Cobb angle between T6 and L4 was 79 degrees, and the apex was
T10 (CT). The pedicle diameter and chord length were 3.2 and 24.9 mm at the concave side, and 4.8
and 29 mm at the convex side. (B) An 11 years, 6 months old female was diagnosed with adolescent
idiopathic scoliosis with a Cobb angle of 74 degrees (T7-L1) and apex at T10 (CT). The pedicle
diameter and chord length were 3.9 and 37.5 mm at the concave side, and 4.8 and 39 mm at the
convex side.
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Figure 3. Exemplar vertebra with neurocentral synchondrosis (a) and a vertebral body rotation
toward the right side (b).

2.3. Statistical Analyses

All statistical analyses were performed using SPSS version 25.0 (IBM Corp., Armonk,
NY, USA), and p < 0.05 was considered statistically significant. Data were assessed for
normality using the Shapiro-Wilk test. Paired t-test or independent t-tests were used to
compare continuous variables between the convex and concave sides of the CP scoliosis or
AIS, and between VBR, PD, and CL of the apex- and Cobb angle-matched groups (mCPscol-
iosis vs. mAIS). The chi-square test and Fisher’s exact test were used to compare categorical
variables according to expected values. Among the radiographic parameters, VBR, PD,
and CL at the apex of matched groups were measured again by experienced orthopedic
surgeons to estimate interobserver reliability. The intraclass correlation coefficient to define
interobserver reliability was calculated as 0.982 (0.964-0.991) for VBR, 0.910 (0.857-0.944)
for PD, and 0.777 (0.645-0.860) for CL.

3. Results
3.1. Patient Characteristics

The mean age at the time of surgery for CP scoliosis was 14 years and 2 months (range,
10-18 years). Fifteen patients were male, and 19 patients were female. The mean height
and weight were 138.3 4= 14.5 cm (108-173 cm) and 30.1 & 11.5 kg (15-62 kg), respectively.
Thirteen patients were classified as Gross Motor Function Classification System (GMFCS)
IV and 21 patients as GMFCS V. Twenty-one patients had dislocated hips and 19 patients
had undergone reconstruction operations. The mean age of the AIS patients was 14 years
and 7 months (range, 11-18 years). One patient was male and 31 patients were female. The
mean height and weight were 154.5 & 8.95 cm (127-170 cm) and 46.3 + 9.8 kg (28-83 kg),
respectively.

3.2. Comparison Between the Convex and Concave Side in Patients with CP Scoliosis

The average Cobb angle of the main curve was 87.7 & 18.7°, and T12 was the most
common apex of the curve. Neurocentral synchondrosis was noted in 55.8% (19/34) of
the patients. Left thoracic curve was noted in 32.4% (11/34) of patients, and the average
VBR was 29.9 £ 14.6°. The PD of the convex side (4.0 = 1.5 mm) was larger than that
of the concave side (3.6 £ 1.4 mm, p = 0.001). The chord length (CL) of the convex
side (39.2 & 5.0 mm) and concave side (39.0 & 5.5 mm) showed no statistically significant
differences (p = 0.550).
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3.3. Comparison Between the Convex and Concave Side in Patients with AIS

The average Cobb angle of the main curve was 68.2 & 18.8°, and T9 was the most
common apex of the curve. Neurocentral synchondrosis was noted in 6.3% (2/32) of the
patients. All patients had a right thoracic curve, and the average VBR was 18.7 £ 9.7°. The
PD of the convex side (3.4 &= 1.2 mm) was larger than that of the concave side (2.6 &+ 1.5 mm,
p < 0.001). The chord length (CL) of the convex side (38.6 & 5.9 mm) and concave side
(39.4 £ 5.6 mm) showed no statistically significant differences (p = 0.414).

3.4. Comparison of Apex- and Cobb Angle-Matched Patients with CP Scoliosis and AIS

The average Cobb angles were 80.7 & 13.8 degrees and 78.6 + 13.6 degrees in the
matched CP scoliosis (mCPscoliosis) and AIS (mAIS) groups (p = 0.426). The average
age was younger in the mCPscoliosis (12.7 &£ 2.5 years) than the mAIS (14.6 & 2.4 years,
p = 0.001). In mCPscoliosis, males were predominant, while the height and weight were
greater in m AIS.

There was no difference between the two groups in terms of VBR (25.4 + 15.4° in
mCPscoliosis vs. 24.4 £ 6.5° in mAIS, p = 0.594) or PD in either the convex (3.6 = 1.1 mm
in mCPscoliosis vs. 3.3 = 1.2 mm in mAIS, p=0.24) or concave side (3.1 £ 1.2 mm in mCP-
scoliosis vs. 2.7 £ 1.6 mm in mAIS, p = 0.127). However, the CL of the mCPscoliosis was
significantly shorter than the mAIS in both the convex side (38.0 &= 5.0 mm in mCPscoliosis
vs. 40.4 + 4.9 mm in mAIS, p = 0.025) and concave side (37.7 £ 5.2 mm in mCPscoliosis vs.
40.3 £+ 4.7 mm in mAIS, p = 0.014) (Table 1).

Table 1. Comparison of vertebral body morphology between Cobb angle- and apex-matched patients
with spastic quadriplegic cerebral palsy and scoliosis (mCPscoliosis) and adolescent patients with
idiopathic scoliosis (mAIS).

mCPscoliosis mAIS p Value
Cobb angle (degree) 80.7 +13.8 78.6 £ 13.6 0.426
Age * (years) 127+ 25 146 +24 0.001
Sex (M:F) 711 1:17 <0.001
Height * (cm) 140.3 £ 16.5 1529 £+ 8.6 <0.001
Weight * (kg) 30.7 + 13.2 431+74 <0.001
Vertebral body rotation (degree) 254 +£154 244 +65 0.594
Convex pedicle diameter (mm) 3.6 1.1 33+12 0.24
Convex chord length * (mm) 38+5 404 +49 0.025
Concave pedicle diameter (mm) 31+12 27+16 0.127
Concave chord length * (mm) 37.7+52 403 +47 0.014

Values are presented as mean =+ standard deviation. *: p < 0.05.

4. Discussion

Although it is commonly believed that scoliosis in cerebral palsy (CP) progresses with
greater angular deformities and more pronounced differences in the vertebral structure
compared to adolescent idiopathic scoliosis (AIS), our study revealed fewer differences than
expected when we compared the CP scoliosis and AIS with matching apex and Cobb angle.
While immature skeletal development is evident in both the younger average age of the CP
scoliosis group and the higher prevalence of neurocentral synchondroses, it is noteworthy
that, contrary to expectations, there is no significant difference in pedicle diameters and
vertebral body rotation between the two matched groups. The only significant difference
in vertebral structure is that cord length is smaller in the mCPscoliosis group compared
with mAIS. These findings suggest that length, rather than diameter, should be prioritized
when selecting implants in CP scoliosis.

Hong et al. reported 15 degrees of VBR with a Cobb angle of 60° in a diverse type
of CP scoliosis [14], while Modi et al. reported 42 degrees of VBR with a Cobb angle
of 74° [22]; however, only 6 of 24 patients were diagnosed with CP. In this study, the
VBR of CP scoliosis was 29.9 degrees with Cobb angles of 87.7° in only patients with
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spastic quadriplegic cerebral palsy. In the matched groups, the VBR was 25.4 degrees with
80.7 Cobb angle. With an increase in the Cobb angle, VBR would increase, but there may
be some differences according to the level of spasticity. However, the VBR increases with
Cobb angle increase, regardless of the etiology. In AIS, the VBR was 18.7 degrees with Cobb
angle of 68.2 degrees, and the VBR was 24.4 degrees with 78.6 Cobb angle.

Wang et al. found no statistical differences in PDs between the concave and convex
sides, except at the apical area in neuromuscular scoliosis with Chiari malformation, but
Chiari malformation is different from cerebral palsy [13]. Hong et al. reported that there
were no significant differences between the concave and convex sides when the PD was
compared in the 11 patients with CP; however, the Cobb angle was smaller than that in
our study [17]. When we compared the PD in CP scoliosis, the convex side diameter was
larger than that on the concave side like previous studies and it was similar in AIS groups.
Although there may be differences according to the etiology of neuromuscular scoliosis or
severity, the pedicle width would be larger on the convex side around the apex in patients
with CP scoliosis.

In vertebral morphology studies investigating AIS, the pedicle diameter on the concave
side was smaller than on the convex side, and the apical vertebra was the most rotated
vertebra [4,17,18,23,24]. These findings on AIS were similar to our findings on the CP
scoliosis group. Specifically, we found that patients with CP scoliosis were younger and the
CL was shorter, but the PD was similar to that of the apex- and Cobb angle-matched patients
with AIS. Although the etiology of AIS is uncertain, recent studies have reported the
importance of neurocentral synchondrosis [20,21]. We suspected that there might be some
differences in the presence of neurocentral synchondrosis and growth patterns between
AIS and CP scoliosis. Neurocentral synchondrosis was commonly noted in patients with
CP scoliosis compared with AIS and the patients with CP scoliosis were younger in the
matched comparison. The vertebral body was immature in CP scoliosis, which may be
related to the shorter CL. However, there was no difference in the PD between the groups.
One of the reasons for this may be the thin cortical bone in CP scoliosis, due to the high
levels of osteoporosis. Hell et al. found significantly smaller vertebral body and PDs in
neuromuscular scoliosis with spinal muscular atrophy as compared to age-matched healthy
controls [15], which may be related to the early onset of neuromuscular scoliosis and the
long-standing adverse effects on the neurocentral synchondroses. We think that the PD in
CP scoliosis may be narrower with aging than those in AIS because of earlier suppression
of neurocentral synchondrosis. In CP scoliosis, CL was short due to skeletal immaturity,
but the PD may not be so small because of thin cortical bone due to osteoporosis when
compared with similar Cobb angle AIS. With growth, the PD would be smaller with the
long-standing adverse effect on neurocentral synchondrosis, so when we operate on CP
scoliosis in older patients, the PD looks very small. Future studies should be conducted to
investigate the severity of osteoporosis and the effect of neurocentral synchondroses.

Several studies have reported a smaller PD in neuromuscular scoliosis, resulting in the
use of hooks or wiring. Sarwahi et al. compared the pedicle morphology between different
etiology like our study, although they compared neurofibromatosis typel patients with
AIS [5]. They found a higher incidence of abnormal pedicle and higher misplacement of
pedicle screws compared to AIS. Abnormal pedicles were found in 69% of the scoliosis
cases diagnosed with neurofibromatosis, and they include cases with cancellous pedicle
diameter less than 4 mm, according to the classification developed by Sarwahi et al. [5] and
revised by Li et al. [14]. However, the pedicle in neurofibromatosis is different from CP
scoliosis. In this study, the PD in patients with CP scoliosis was not so small compared
with those with apex- and Cobb angle-matched AIS. Instead, the results of our study
suggest that a shorter pedicle screw length may be more important. The narrow PD in CP
scoliosis would be related more to the larger Cobb angles with growth. For safe and correct
pedicle screw placement, we recommend performing the operation in the early stages of
CP scoliosis. Still, the correct pedicle screw placement in CP scoliosis is difficult. Because
of the osteoporosis, the pedicle screw can easily break the inner or outer pedicle wall.
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This study has several limitations which should be considered. The number of
matched cases was relatively small because the Cobb angle was usually larger in pa-
tients with CP scoliosis, the apex was different (AIS has a relatively higher apex), and cases
with CT images were small. Furthermore, we did not consider the curve pattern, such
as a long C curve, a double curve, or a hip problem. However, we only selected spastic
quadriplegic cerebral palsy of a single etiology and found a different vertebral morphology
compared with apex- and Cobb angle-matched AIS using reconstructed CT images. In
matching the groups, we used the standing radiography for AIS and sitting radiography
for CP scoliosis because patients with CP suffered from spastic quadriplegia. There may
be some differences between sitting and standing whole spine radiography. However, we
do not take preoperative supine or prone radiography routinely for all patients. Later,
supine or prone radiography may be used to measure the Cobb angle and matched analysis.
Further studies that consider age and sex differences or supine and prone radiography
should be conducted to address these limitations, and studies with larger populations
should be followed to increase the power of the study.

5. Conclusions

The VBR in patients with CP scoliosis was comparable to that in patients with AIS
matched for Cobb angle and apex. Although the patients were young and the vertebral
body was smaller in terms of a short chord length in the patients with CP scoliosis, the
pedicle diameters were similar between the two patient groups. These deformities may
be related to osteoporosis caused by non-ambulation and immature vertebral body. In CP
scoliosis, we should consider not only a smaller diameter but also a shorter length of pedicle
screws. Pre-operative CT analyses of vertebra morphology is essential in CP scoliosis.
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Abstract: Background: Rod fracture (RF) is the most common cause of revision in adult spinal
deformity (ASD) surgery, and various treatment strategies for preventing RF are reported in the
literature. This retrospective study, involving 139 ASD patients (aged >65 years and a minimum
2-year follow-up) who underwent long-segment fixation from T10 to sacrum with pedicle subtraction
osteotomy (PSO), analyzed long-term results, including radiographical parameters and the incidence
of recurrent RF (re-RF), to determine the most effective revision method for preventing RE. Methods:
Patients were classified into three groups according to the revision method performed for RF: simple
rod replacement (RR group, n = 17), lateral lumbar interbody fusion around the PSO site (RR + LLIF
group, n = 8), and accessory rod insertion (RR + AR group, n = 22). Baseline characteristics and
radiographical and clinical parameters were analyzed. Results: RF occurred in 47 patients (34%)
at an average of 28 months following primary deformity correction. Re-RF occurred in six patients
(13%) at an average of 37 months. Re-RF occurred most commonly in the RR group (p = 0.048). Every
re-RF in the RR group occurred at the PSO site; none occurred in the RR + LLIF group, and one in the
RR + AR group occurred near the L4-5. After both primary deformity correction and revision surgery,
spinopelvic parameters had shown favorable results, and clinical outcomes had improved in all
three groups without significant intergroup differences. Conclusions: Accessory rod insertion or an
additional LLIF around the PSO site seems to provide greater strength and stability to the previously
fused segments than a simple rod replacement, which demonstrates the need for additional support
in revision surgery for RF after a PSO.

Keywords: accessory rod; adult spinal deformity; lateral lumbar interbody fusion; pedicle subtraction
osteotomy; revision surgery; rod fracture

1. Introduction

The reported complication rates following adult spinal deformity (ASD) surgery are
as high as 70% [1], with pseudarthrosis being the major reason for a revision surgery [2]. In
particular, rod fracture (RF), the most common form of pseudarthrosis, may occur even
when radiographical findings show a solid bone union. Accordingly, various treatment
strategies for reducing the incidence of RF following surgical treatment of ASD are reported
in the literature [3,4].

ASD patients who receive deformity correction are not free from the risk of RF, as it
can occur when patients accidently fall down or abruptly bend over. Moreover, the pedicle
subtraction osteotomy (PSO) technique itself has been reported as a risk factor of RF [3].
Many studies to date have analyzed the related risk factors [4,5], compared the procedure-
related complication risks between primary and revision surgeries [6], and explored the
various complications after revision surgery [7] in the setting of ASD. However, long-term
follow-up studies assessing the outcomes after revision surgeries due to RF are sparse.
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In general, patients with RF are strongly advised to undergo revision not only to reduce
associated pain but also to prevent the potential deterioration of sagittal balance that may
result from the collapse of the vertebral body at the PSO site [3]. Although a revision surgery
for RF is traditionally performed through rod replacement and supplementary posterior
fusion, several alternative methods have been introduced in recent years to enhance fusion
above and below the osteotomy site through a minimally invasive lateral approach and
to increase both the stiffness and stability of the construct by inserting accessory rods into
previous instrumentation [8,9].

The current study was conducted on ASD patients who underwent primary deformity
correction via PSO and subsequent revision surgery due to RF with one of the three major
revision techniques: (1) simple rod replacement, (2) lateral lumbar interbody fusion (LLIF)
above and below the PSO site, and (3) accessory rod insertion. This study analyzed the
long-term results, including the incidence of recurrent RF (re-RF) and the radiographical
parameters, for each revision procedure.

2. Materials and Methods
2.1. Study Design

This retrospective study reviewed 139 consecutive ASD patients aged >65 years
enrolled from 2002 to 2020 with a minimum 2-year follow-up after deformity correction via
PSO. The inclusion criteria were as follows:

(1) Sagittal malalignment (sagittal vertical axis [SVA] > 50 mm, pelvic incidence [PI]
minus lumbar lordosis [LL] mismatch > 10°, and pelvic tilt [PT] > 25°).

(2) Long-segment fixation with the uppermost and lowermost instrumented vertebrae at
the T10 and S1, respectively.

(3) Atrophy of the back musculature in the cross-section area of magnetic resonance
imaging and computed tomography (CT) in the diagnosis of lumbar degenerative
kyphosis (LDK) and notable clinical signs, as previously described [10].

(4) Identification of RF based on rod breakage, with a recent fusion mass fracture being
observed on plain radiography and CT and confirmed by uptakes in either bone scans
or bone single-photon emission CT.

The patients were classified into three groups according to the received revision
procedure: simple rod replacement (RR group), rod replacement with lateral lumbar
interbody fusion above and below the PSO site (RR + LLIF group), and rod replacement
with accessory rod insertion (RR + AR group).

2.2. Surgical Method
2.2.1. Simple Rod Replacement

With each patient in a prone position, the standard posterior midline approach was
made to expose the implant and confirm the site of RF. Previously inserted rods were
replaced bilaterally.

2.2.2. Accessory Rod Replacement

After previously inserted rods were replaced bilaterally with the standard posterior
midline approach, accessory rods, each bent at the upper and lower ends, were connected
to the newly replaced rods with connectors [3].

2.2.3. Lateral Lumbar Interbody Fusion

In the lateral decubitus position, a blunt dissection along the muscle fibers was made
to reach the retroperitoneal space. Following discectomy with contralateral annular release,
a polyetheretherketone cage (12°) of appropriate height and length was chosen by inserting
trial cages. A mixture of demineralized bone matrix or recombinant human bone mor-
phogenetic protein-2 (rthBMP-2) and chipped-bone allograft was used to fill in each cage,
which was subsequently inserted into the disk space above and below the PSO site. Then,
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previously inserted rods were replaced bilaterally with the standard posterior midline
approach [3].

2.3. Radiographic Measurements

Sagittal alignment was evaluated using lateral 14 x 36-inch full-spine radiographs
obtained with the patients standing in a neutral unsupported position with “fists-on-
clavicle” [11]. All digital radiographs were analyzed using validated software (Surgimap,
version 2.3.2.1, Nemaris Inc., New York, NY, USA). We evaluated PI, sacral slope (SS), PT,
thoracic kyphosis (TK), thoracolumbar junction (TL), LL, lumbosacral junction (LS), and
SVA. Sagittal Cobb angles were measured for TK (T5-12), TL (T10-L2), LL (T12-51), and
LS (L4-S1) [9,10]. PI, PT, and SS were measured using a standing lateral radiograph of the
pelvis according to methods described previously [12].

2.4. RF Analysis

RF occurrence, RF site (vertebral level), and RF side (unilateral vs. bilateral) were
evaluated. The surgical factors (sacropelvic fixation application and the L5-S1 fusion
method) were also analyzed.

2.5. Clinical Outcome Measurements

Clinical outcomes were assessed using Oswestry Disability Index (ODI) and Visual
Analog Scale (VAS) preoperatively, postoperatively, and at last follow-up prior to the
occurrence of RF. In addition, age, bone mineral density (BMD), and body mass index
(BMI), were also analyzed.

2.6. Statistical Analysis

Statistical analyses were performed using IBM SPSS Statistics for Windows, version
20.0 (IBM Corp., Armonk, NY, USA). Continuous variables were analyzed using one-way
analysis of variance (ANOVA), Welch's robust ANOVA, Bonferroni’s method, the Tukey
HSD method, and the Dunnett T3 method for variables with normal distributions, and
a Kruskal-Wallis test and the Mann-Whitney method were used for variables without
normal distributions. Categorical variables were assessed using chi-square and Fisher’s
exact tests, as appropriate. A p-value of <0.05 was considered statistically significant.

3. Results
3.1. Baseline Characteristics of Patients with RF

Patients were referred to the outpatient clinic after a startling crack sound with ac-
companying back pain. RF occurred in 47 patients (34%) at an average of 28 months after
primary deformity correction with a mean age of 69.7 years. RF occurred at the PSO site
in 39 patients (83%) and at the L4-5 level in eight patients (17%). Bilateral and unilateral
RF were observed in 23 and 24 patients, respectively. Thirty-three patients had a sacro-
pelvic fixation, and 31 and 16 patients had received ALIF and PLIF, respectively, for L5-51
interbody fusion. Each patient received one of the following revision surgery procedures:
(1) simple bilateral rod replacement (1 = 17), (2) bilateral rod replacement with LLIF around
the PSO site (n = 8), or (3) bilateral rod replacement with accessory rod insertion (1 = 22).

3.2. Characteristics of Re-RF

Table 1 presents the characteristics of patients with re-RF. Re-RF occurred in six patients
(13%) at an average of 37 months (one unilateral RF and five bilateral RF). Re-RF occurred
most commonly in the RR group (p = 0.048), being seen in five patients (29.4%) at 15,
18, 25, 36, and 96 months, postoperatively. There was no re-RF in the RR + LLIF group.
Re-RF occurred in one patient in the RR + AR group at 29 months, postoperatively. Every
re-RF in the RR group occurred at the PSO site, while one bilateral re-RF in the RR + AR
group occurred at L4-5 level just below each junction between the distal end of AR and
the primary rod. Every patient with re-RF underwent a re-revision procedure, while one
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asymptomatic patient with unilateral RF underwent close observation from refusal of
surgical intervention.

Table 1. Baseline characteristics of re-RF patients.

. RR RR + LLIF RR + AR
Variables 1 =17) (o =8) (1 = 22) p-Value

] ~ 5/12 0/8 1/21 "
Re-RF (1 =6) (29.4%) (0%) (4.5%) 0.048
RF detection time
(month) 38 ) 29 )
RF site (level) L2-3 - L4-5 -

. 1 right

RF side 4both - both -
Sacropelvic 9/8 6/2 18/4 0.1821
fixation
ALIF/PLIF 11/6 4/4 16/6 0.508 1

RR, simple rod replacement; LLIF, lateral lumbar interbody fusion; AR, accessory rod; RE, rod fracture; ALIF,
anterior lumbar interbody fusion; PLIF, posterior lumbar interbody fusion. * Statistically significant (p < 0.05).
1 Chi-square test.

3.3. Radiographic and Surgical Features of Re-RF Patients

Table 2 shows the radiographic parameters of the three groups. Although preoperative
SVA was larger in the RR + AR group than those in the other groups (p = 0.034), patients in
all groups showed severe sagittal malalignment before primary deformity surgery. After
both deformity correction and revision surgery for RF, the spinopelvic parameters of all
groups showed favorable results, and sagittal alignment was well maintained prior to
the occurrence of re-RF without significant intergroup differences. Also, there were no
significant differences between groups with respect to sacropelvic fixation application and
the L5-S1 fusion method (ALIF or PLIF) (Table 1).

Table 2. Comparison of radiographic parameters between groups t.

RR RR + LLIF RR + AR

Variables n=17) (1 =8) (o =22) p-Value

Sagittal vertical axis (SVA, mm)

Pre SVA 169.9 + 67.1 169 + 74.5 236.4 £ 98.1 0.034 *

Post SVA —-165+17.3 —20.8 £29.6 —16.4 £27.7 0.901

SVA correction —1864 £ 72 —189.8 £847  —252.74+97.8 0.047 *

Post Rev SVA 16 + 33.8 6.3 1+254 13.1£374 0.805

Last SVA 36.5 +27.6 248+9.7 224433 0.304
Thoracic kyphosis (TK, °)

Pre TK —28£12 —-14+135 109 £37.8 0.407

Post TK 182 £15.1 22.6+9.6 27.5+10.1 0.069

Post Rev TK 321 +11.7 27.6 +13 35.6 +12.1 0.267

Last TK 319+ 12 319 +13.3 39.7 £ 14.4 0.150
Thoracolumbar junctional angle (TL, ©)

Pre TL 7.5+ 18.1 14+172 112 £16.6 0.389

Post TL —223£19.1 —11.8 £23.1 —254+16.1 0.345

Post Rev TL —17.8 £22.2 —184 £ 169 —21.8+9 0.971

Last TL —174+19.5 —154 +16.7 —204+11.9 0.697
Lumbar lordosis (LL, °)

Pre LL 7.6+ 16.3 7.5+ 14.5 112 £17.5 0.988

Post LL —66.6 = 16 —624+74 —77.7 £24 0.093

LL correction —742+194 —70+17.6 —88.9 £ 26.4 0.108

Post Rev LL —61.6 £ 16.1 —62.6£738 —704£95 0.065

Last LL —59 £ 23.5 —533£255 —65.3 £18.6 0.376
Lumbosacral junctional angle (LS, °)

Pre LS —5.6 £19.1 04+ 127 24+ 151 0.383
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Table 2. Cont.

. RR RR + LLIF RR + AR
Variables 1 =17) o =8) (1 = 22) p-Value

Post LS —248 +88 —274+74 —277+11.2 0.746

Post Rev LS —22.1+88 —27+77 —294+93 0.051

Last LS —25.6 + 8.7 —-19+ 119 —279 +£11.7 0.214
Pelvic incidence (°) 555 +11.2 51 +10.2 57.5+9.8 0.326
Sacral slope (SS, °)

Preoperative SS 171+ 145 21 +12.3 21.3+£13.1 0.604

Postoperative SS 423+ 118 384+ 6.9 457 £ 84 0.177

Post Rev SS 39.7 +£13.3 40.1+3.9 464 +74 0.074

Last SS 41.7 + 134 394+71 43948 0.538
Pelvic tilt (PT, ©)

Preoperative PT 38.4+15.1 30 £11.3 36.2 £ 11.6 0.317

Postoperative PT 16.1 +£9.5 16.3 +8.3 144 +15.6 0.894

Post Rev PT 15.8 £12.9 11.5+72 10.8 £11.4 0.386

Last PT 13.8 £124 123 £82 134 £104 0.945
PI-LL (°)

Pre PI-LL 63.1 +20.9 585 + 17 68.7 £ 19.1 0.783

Post PI-LL —11.1 +14.5 —11.5+ 6.8 —20.2 + 254 0.428

Post Rev PI-LL —6.1+16.3 —11.7 £ 8.6 —-13 £11.7 0.263

Last PI-LL —5.7+£19 -8 +10.7 —-9.7£125 0.714

t Data are presented as mean =+ standard deviation. RR, simple rod replacement; LLIF, lateral lumbar interbody
fusion; AR, accessory rod; Pre, preoperative; Post, postoperative; Rev, revision; Last, last follow-up. * Statistically
significant (p < 0.05).

3.4. Clinical Outcomes

The VAS for back pain and radiating pain, as well as ODI, had all improved after
primary deformity surgery prior to RF without significant intergroup differences (Table 3).
The lack of such differences in clinical outcomes could be attributed to the fact that the
patients included in this study were elderly (age > 65 years) with severe baseline sagittal
imbalance and both relatively high ODI and VAS scores preoperatively. Thus, along
with spinopelvic harmony, the leveled horizontal gaze and normal upright posture had
already been recovered through sufficient decompression and deformity correction, which
enhanced their quality of life to a great extent. Additionally, patient factors, including age,
BMI, and BMD, also did not significantly differ between the three groups (Table 3).

Table 3. Comparison of clinical parameters between groups t.

. RR RR + LLIF RR + AR
Variables n=17) (n=8) = 22) p-Value
Age (year) 68.7 £ 6.4 69.3 £ 63 707 £5 0.522
BMD (gm/cm?) 0.89 +0.18 1.02 +0.11 0.93 +0.16 0.184
BMD T-score ~196+156  —099+1.08  —1.64+145 0.301
(gm/cm?)
BMI (kg/m?) 24.8 +3.7 273428 247 £37 0.211
Pre ODI 375 +27 37.9 435 382 + 2.4 0.675
Post ODI 188+ 6 173 +47 19.9+4 0.419
Last ODI 102 +£42 10+438 9.6+ 3.6 0.986
Pre LBP VAS 8.1+13 84+12 8.6+ 0.9 0.654
Post LBP VAS 45+2 41+24 5417 0.537
Last LBP VAS 18415 2413 15412 0.582
Pre Leg VAS 7.8 409 8.1+ 14 8412 0.870
Post Leg VAS 1941 18407 1.6+ 0.7 0.746
Last Leg VAS 0.9+ 0.7 19421 18+ 17 0.419

t Data are presented as mean =+ standard deviation. RR, simple rod replacement; LLIF, lateral lumbar interbody fu-
sion; AR, accessory rod; BMD, bone mineral density; BMI, body mass index; Pre, preoperative; Post, postoperative;
Last, last follow-up; ODI, Oswestry disability index; VAS, visual analog scale; LBP, lower back pain.
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4. Discussion

The restoration of sagittal balance is the main goal in the surgical treatment of ASD.
Among the deformity correction methods in ASD, PSO is understandably one of the most
powerful methods for achieving an ideal LL correction, which is fundamental in obtaining
and maintaining optimal sagittal balance [13]. Still, there remain an array of challenges
stemming from not only the complexity of the procedure itself but also from the many
known complications of PSO, including RF [14,15]. Accordingly, various methods to
prevent RF have been reported, such as the combination of sacropelvic fixation with long
segment fusion to increase construct stability via lumbosacral fusion [16] and the insertion
of multiple rod constructs for proper load distribution and posterior reinforcement at the
PSO site [3].

In the setting of deformity correction of ASD, however, studies analyzing the appro-
priate surgical methods for revision, the long-term follow-up outcomes after revision, and
the incidences of re-RF are lacking. Therefore, our study was significant in that it is the first
to report on long-term outcomes, with a minimum follow-up duration of 2 years, of the
three different revision methods for RE—simple bilateral rod replacement, bilateral rod
replacement with LLIF around the PSO site, and bilateral rod replacement with accessory
rod insertion—in ASD patients who have previously received deformity correction via
long-level fusion with PSO.

4.1. Simple Bilateral Rod Replacement

Our study findings revealed the incidence of re-RF following revision surgery due to
RF to be 13%. Of the three revision methods, simple bilateral rod replacement (RR group)
showed the highest incidence of re-RF. We believe that the hyper-acutely contoured poste-
rior rods paralleling a relatively large angular correction in PSO could have progressively
intensified the stress concentration and lowered the fatigue strength of each rod [17-21],
which consequently may have led to rod-breakage. Furthermore, the fact that every re-RF
in the RR group occurred consistently at the same PSO site (Figure 1) not only suggests
that simple bilateral rod replacement alone has a high risk of re-RF but also proves that
additional support around the PSO site is ultimately required to prevent RF and maintain
sagittal balance in PSO.

Revision IPO Revision 1Y6M
Simple Rod Replacement

Figure 1. Pre- and postoperative standing radiographs of a 74-year-old female patient. After T10-S1
posterior instrumentation with PSO on L2, PLIF on L3-5, and ALIF on L5-S1, optimal sagittal balance
was achieved (SVA, —14 mm; TK, 28°; LL, —80°; PI, 54°; PT, 4°; SS, 50°). At 1 year after primary
deformity correction, RF (left rod) occurred at L2. At 1 year and 6 months following revision surgery
with simple bilateral rod replacement, re-RF occurred at L2-3. White triangles indicate the site of RF.
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4.2. Bilateral Rod Replacement with LLIF around the PSO Site

None of the patients in the RR + LLIF group had experienced re-RF (Figure 2). This re-
sult can be attributed to the reduced residual sagittal motion of the construct, the increased
stress distribution through anterior support, and the enhanced stability via interbody fu-
sion immediately above and below the PSO site [22]. This finding was consistent with that
of a cadaveric study by Deviren et al. [23] which showed increased stability through place-
ment of interbody cages above and below the PSO site in multiaxial bending conditions.
Luca et al. [8] also reported that the management of revision surgery after PSO may require
an addition of anterior column support to maintain correction and reduce complications.
In the same vein, Dickson et al. [24] recommended interbody fusion above and below the
PSO site to help reduce the risk of further pseudarthrosis. Therefore, providing the anterior
column support through interbody work around the PSO site by either a lateral or anterior
approach may be a promising method for revision due to RF. However, further comparative
studies are needed to assess the effectiveness of the LLIF technique with respect to the
prevention of RF and postoperative complications.

""" PO 1Y4M RF, Revision,8Y, o
i ; LLIF around PSO site, io Re-RF "
| e

Figure 2. Pre- and postoperative standing radiographs of a 70-year-old female patient. After T10-S1
posterior instrumentation with PSO on L2, and PLIF on L3-5S1, optimal sagittal balance was achieved
(SVA, =20 mm; TK, 12°; LL, —65°; PI, 57°; PT, 17°; SS, 40°). At 1 year and 4 months after primary
deformity correction, RF (right rod) occurred at L2-3. At 8 years following revision surgery with
bilateral rod replacement and LLIF around the PSO site, sagittal alignment was well maintained
without re-RE. White triangles indicate the site of RF.

4.3. Bilateral Rod Replacement with Accessory Rod Insertion

Posterior reinforcement at the PSO site with multiple-rod fixation for appropriate load
distribution is a crucial preventive method for RE. Numerous finite element models have
demonstrated the effectiveness of additional rods in reducing stress on the primary rods
across the osteotomy site [25,26]. Several clinical studies also have reported that multiple-
rod fixation reduced the occurrence of RF and increased the stability at the osteotomy
site [3,9]. A biomechanical study by Scheer et al. [27] that analyzed revision strategies for
RF in PSO reported that multiple-rod fixation could restore stiffness and prevent fatigue in
revision constructs. Therefore, multiple-rod fixation should offer proven biomechanical
stability in terms of revision for RE. However, RF can still occur even with reinforcements.
In our study, re-RF occurred in one of 22 patients in the RR + AR group. Interestingly,
instead of occurring at the PSO site, it occurred just below each junction between the distal
end of the AR and the primary rod (Figure 3). We believe that, in the application of multiple
rods, connecting the distal end of the AR to the previous instrumentation at the S1-2 area
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could potentially offer increased stability in conjunction with L5-51 interbody fusion and
sacropelvic fixation, and further studies to confirm this are warranted.

PO.1Y,10M RF Revision IPO =S - Reyision 2Y5M
Accessory Rod Insertion
bl A S

2.

Figure 3. Pre- and postoperative standing radiographs of a 72-year-old female patient. After T10-S1
posterior instrumentation with PSO on L2, and ALIF on L5-5S1, optimal sagittal balance was achieved
(SVA, -8 mm; TK, 27°; LL, —78°; PI, 60°; PT, 12°; SS, 48°). At 1 year and 10 months after primary
deformity correction, RF (right rod) occurred at L2-3. At 2 years and 5 months following revision
surgery with bilateral rod replacement and accessory rod insertion, re-RF occurred at L4-5. White
triangles indicate sites of RF.

4.4. Limitations

This study has several limitations. First, several variables may exist due to its retro-
spective nature. Second, this study examined only the patients who underwent deformity
correction via PSO and subsequent revision procedures due to RF. Therefore, the number
of patients with re-RF was relatively small, and the study findings may have limited impli-
cations. However, despite its limitations, this study is the first to compare the incidence of
re-RF and analyze different revision methods for RF in the setting of ASD surgery.

5. Conclusions

For ASD patients, various revision surgery methods are available for RF following
deformity correction. Our results showed that additional LLIF around the PSO site or
accessory rod insertion was superior to simple rod replacement in the prevention of re-RF.
Therefore, any revision surgery for RF after deformity correction with PSO should also
utilize additional support to provide greater strength and stability to the previous construct.
Our findings should provide an effective guideline for revisions due to RF following long
posterior spinal fusion with PSO.
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Abstract: Background/Objective: Limited data exist regarding the long-term clinical outcomes and
related factors after adult spinal deformity (ASD) surgery. This study aims to characterize patients
who experienced poor clinical outcomes during long-term follow-up after ASD surgery. Methods:
Patients who underwent ASD surgery with >5-vertebra fusion including the sacrum and >5-year
follow-up were included. They were divided into two groups according to the Oswestry Disability
Index (ODI) at the last follow-up: group P (poor outcome, ODI > 40) and group NP (non-poor
outcome, ODI < 40). Clinical variables, including patient factors, surgical factors, radiographic
parameters, and mechanical complications (proximal junctional kyphosis [PJK] and rod fracture),
were compared between the groups. Results: A total of 105 patients were evaluated, with a mean
follow-up of 100.6 months. The mean age was 66.3 years, and 94 patients (89.5%) were women. There
were 52 patients in group P and 53 patients in group NP. Univariate analysis showed that low T-score,
postoperative correction relative to age-adjusted pelvic incidence-lumbar lordosis, T1 pelvic angle
(TPA) at last follow-up, and PJK development were significant factors for poor clinical outcomes.
Multivariate analysis identified PJK as the single independent risk factor (odds ratio [OR] = 3.957
for PJK development relative to no PJK, OR = 21.141 for revision surgery for PJK relative to no PJK).
Conclusions: PJK development was the single independent factor affecting poor clinical outcomes in
long-term follow-up. Therefore, PJK prevention appears crucial for achieving long-term success after
ASD surgery.

Keywords: adult spinal deformity; poor clinical outcome; risk factor; proximal junctional kyphosis;
long-term follow-up; health-related quality of life

1. Introduction

Adult spinal deformity (ASD) is a disabling condition that causes significant pain
and disability, resulting in a marked decline in the patient’s health-related quality of life
(HRQOL) [1]. Since sagittal imbalance leads to poor HRQOL [2-5], proper spinopelvic
malalignment correction has been prioritized as a crucial surgical goal. Previous ASD-
related studies have uniformly emphasized the importance of correcting spinopelvic
malalignment for the success of surgery [2-8]. However, this evidence is insufficient
to determine whether the role of optimal sagittal alignment in clinical outcomes remains
valid during long-term follow-up or if other factors influence clinical outcomes over time.

Along with adequate postoperative sagittal alignment, other factors that might neg-
atively affect the clinical outcomes should be considered when assessing the long-term
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outcomes after ASD surgery. First, whether postoperatively restored sagittal alignment will
be maintained over long-term follow-up should be considered, as many patients experience
some degree of correction loss over time [9-11]. The loss of correction can occur within
the fusion segments and unfused thoracic spine, both of which may deteriorate the global
sagittal balance. Second, mechanical complications such as proximal junctional kyphosis
(PJK) and rod fracture can arise, negatively impacting final clinical outcomes [12-14]. It is
known that the development of mechanical complications is associated with postoperative
sagittal alignment status [15,16]. However, the adequate correction of sagittal alignment
cannot completely prevent mechanical failure [17]. Moreover, the incidence of these me-
chanical complications and the risk of related revision surgery continuously increase over
time [18,19].

For assessing the long-term clinical outcome after ASD surgery, it is necessary to
comprehensively consider various clinical parameters, including demographics, immediate
postoperative and final radiographic findings, and mechanical complications, because these
factors may be closely related and can affect the final clinical outcome. In the literature,
data regarding the long-term clinical outcomes are limited. Furthermore, it has not been
clearly established which factors are most responsible for poor clinical outcomes after ASD
surgery. Therefore, this study aims to characterize patients who experience poor clinical
outcomes using multivariate analysis of mean 8-year follow-up data.

2. Materials and Methods

This study received approval from Samsung Medical Center’s institutional review
board (IRB No. SMC 2024-07-144). Given its retrospective design, the requirement for
informed consent was waived.

2.1. Study Cohort

This research involved a retrospective case series utilizing data extracted from our
hospital’s prospective ASD database. The study population comprised consecutive patients
who underwent surgery for degenerative ASD (i.e., degenerative flatback [DFB] or degen-
erative lumbar scoliosis [DLS]) during 2010-2019. Patients were included based on the
following criteria: ASD was defined by radiographic measurements, including a C7 sagittal
vertical axis (C7SVA) of 50 mm or greater, a pelvic incidence (PI)-lumbar lordosis (LL)
mismatch of 10° or more, a pelvic tilt (PT) of 25° or more, or a lumbar coronal Cobb angle
of 20° or greater. In addition, the fusion involved at least five vertebral levels, all of which
included the sacrum to minimize bias related to fusion length. Patients were also required
to have at least five years of complete radiographic and HRQOL data. Exclusion criteria
were incomplete radiographs, failure to complete the HRQOL questionnaire at the final
follow-up, prior thoracic or lumbar fusion, or the presence of syndromic, neuromuscular,
inflammatory, or non-degenerative pathological conditions.

2.2. Surgical Details

All surgeries were performed by one of three surgeons (clinical experience: >25 years
for C.-S.L., 12 years for S.-].P,, and 7 years for ].-S.P.). The correction surgery was performed
either through posterior-only surgery using posterior column osteotomy with or without
pedicle subtraction osteotomy (PSO), or through a combined anterior—posterior approach
using oblique or anterior lumbar interbody fusion. The choice of surgical technique was
guided by the patient’s preoperative deformity. While the choice of surgical technique
was based on the preoperative deformity status, our institution favored the combined
anterior—posterior approach in the later study period.

2.3. Clinical Outcome Measurements

At the final follow-up, patient outcomes were assessed using the Oswestry Disability
Index (ODI), the Scoliosis Research Society-22r (SRS-22r) questionnaire, and the 36-item
Short Form Survey (SF-36) score. In this study, ODI scores were converted to percentage
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values (%). Poor clinical outcomes were defined by ODI scores > 40 points, as in the
previous studies [20-22]. Patients were divided into two groups according to their ODI
score: group P (poor outcome group, ODI score > 40 points) and group NP (non-poor
outcome group, ODI score < 40 points). Although the groups were established based on
ODI scores, other HRQOL measures, such as SRS-22r and SF-36 scores, were also compared
between the two groups.

2.4. Study Variables

To identify the factors affecting poor clinical outcomes, various clinical variables were
compared between the P and NP groups for patient factors, surgical factors, radiographic
parameters, and mechanical complications.

The patient factors at the index surgery included age, sex, diagnosis (DFB or DLS),
American Society of Anesthesiologists (ASA) grade, T-score on bone mineral density (BMD),
body mass index (BMI), diabetes mellitus (DM), and smoking status. Surgical factors
evaluated in the study included the number of fused segments, the surgical technique used,
whether PSO was performed, and the use of pelvic fixation. Whole-spine radiographs in
standing posteroanterior and lateral views were taken at three time points: preoperatively,
immediate postoperatively (around two weeks post-surgery), and at the final follow-up.
These images were assessed to determine radiographic measures such as PI, LL, SS, PT,
thoracic kyphosis (TK), T1 pelvic angle (TPA), and the C7SVA. Additionally, in assessing
the conventional parameters, the amount of correction was evaluated qualitatively on
immediate postoperative radiographs according to the categorical criteria suggested in
previous studies [21,23-25]. First, postoperative PI-LL mismatch was categorized based
on Schwab’s criteria into three groups: under (greater than 10°), matched (within £10°),
and over (less than —10°) [23]. Second, PI-LL was analyzed according to the age-adjusted
PI-LL target [21]. The age-adjusted PI-LL target was determined using a previous formula:
PI-LL = (age — 55 years)/2 + 3 [25]. Patients were then categorized into three groups
based on the difference between their actual PI-LL mismatch and the age-adjusted PI-LL
target: under-corrected (offset greater than 10°), matched (offset within +10°), and over-
corrected (offset less than —10°). Additionally, global alignment and proportion (GAP)
scores were determined and grouped into three categories: proportioned (P) with scores
from 0 to 2, moderately disproportioned (MD) with scores between 3 and 6, and severely
disproportioned (SD) with scores of 7 or higher [24].

Regarding mechanical complications, PJK and rod fracture were investigated. In this
study, PJK was broadly defined to encompass any kyphotic events at the proximal junction.
This included cases where the postoperative proximal junctional angle (PJA) was >10°,
vertebral fractures at the uppermost instrumented vertebra (UIV) or ULV + 1, failure of UIV
fixation, and instances of myelopathy [26]. Rod fracture was defined as discontinuation of
the rod at >1 site in the construct. The clinical impacts of PJK and rod fracture were further
investigated according to the presence of these complications and whether revision surgery
was performed.

2.5. Statistical Analysis

Categorical variables were presented as frequencies and percentages, while continu-
ous variables were expressed as means with standard deviations. To compare categorical
variables between the two groups, Fisher’s exact test was employed, and differences in
continuous variables were assessed using Student’s t-test. A multivariate logistic regres-
sion analysis was then conducted, incorporating all variables that showed significance
in the univariate analysis, to determine independent predictors of poor clinical outcomes.
Professional statisticians performed the statistical analyses using SPSS (version 29.0.2.0; IBM
Corp., Armonk, NY, USA). A p-value of less than 0.05 was regarded as statistically significant.
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3. Results

Among 320 patients who underwent deformity correction during the study period,
105 patients were included in the final study cohort. The mean follow-up duration was
100.6 £ 32.8 months. The mean age was 66.3 & 6.8 years at the time of index surgery and
74.7 £ 6.6 years at the final follow-up, and there were 94 women (89.5%). The diagnosis was
DEFB in 59 patients (56.2%) and DLS in 46 patients (43.8%), and the total number of fused
segments was 6.2 levels. Front-back surgery was performed on 56 patients (53.3%), while
PSO was carried out in 18 patients (17.1%). At the last follow-up, 52 patients were classified
into group P, and 53 into group NP. The mean ODI score in group P was 60.7 points, while
25.7 points in group NP. Other HRQOL measures like both the scores of all individual
items and the total sums of SRS-22r and SF-36 scores were significantly better in group NP
compared with group P (Table 1).

Table 1. Comparison of the last-follow-up HRQOLs according to the two groups.

Group P Group NP p*
ODI 60.7 £13.8 257 £114 <0.001
Function 23£0.6 34£038 <0.001
Pain 26£09 40+0.5 <0.001
SRS-22r Appearance 23406 35407 <0.001
Mental health 23+07 37+08 <0.001
Satisfaction 29+0.7 39+07 <0.001
Total 24+05 3.7£0.6 <0.001
Physical functioning 182 £17.1 51.3 £25.2 <0.001
Role—physical 40.0 £25.9 64.3 £29.7 <0.001
Bodily pain 39.6 £21.5 63.2 £ 20.5 <0.001
General Health 264 £15.6 50.9 £22.2 <0.001
Vitality 342 £18.6 51.4 £21.5 <0.001
SF-36 Social functioning 36.6 = 26.9 79.0£213 <0.001
Role—emotional 404 £20.1 66.8 £ 25.0 0.002
Mental health 41.3 +£20.1 66.8 £ 25.0 <0.001
Physical component summary 311+151 574 +18.3 <0.001
Mental component summary 37.8 +18.4 67.9 +20.4 <0.001

Data are presented as the mean =+ SD. * Bold p values mean statistical significance. HRQOL indicates health-related
quality of life; Group P, poor clinical outcome group; Group NP, non-poor clinical outcome group; ODI, Oswestry
disability index; SRS-22r, Scoliosis Research Society-22r; SF-36, 36-item short-form health survey.

In terms of the factors that could affect the clinical outcomes, there were no differences
in patient factors between the P and NP groups except for the T-score on BMD, which was
significantly lower in group P (—1.6 g/cm?) than in group NP (—0.8 g/cm?) (Table 2).

Table 2. Comparison of patient’s and surgical factors according to the two groups.

Group P Group NP p*
Patient factors
Age at the index surgery (yr) 66.8+7.3 659 +6.3 0.473
Age at the last follow-up (yr) 755+ 6.6 739 + 6.6 0.212
Female:male, 1 (%) 48:4 (92.3%:7.7%) 46:7 (86.8%:13.2%) 0.526
DFB:DLS, 1 (%) 31:21 (59.6%:40.4%)  28:25 (52.8%:47.2%) 0.557
ASA grade 20+£04 19+05 0.552
T-score on BMD (g/cmz) -16£17 —-08+£17 0.024
BMI (kg/m?) 262 +£3.7 254 + 3.6 0.244
DM, n (%) 13 (25.0%) 6 (11.3%) 0.081
Smoking status, n (%) 6 (11.5%) 3 (5.7%) 0.067
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Table 2. Cont.

Group P Group NP p*
Surgical factors
No. of total segments fused 6.3+22 6.1+27 0.689
Front-back surgery, 1 (%) 23 (44.2%) 26 (49.1%) 0.697
Application of PSO, 1 (%) 12 (23.1%) 6 (11.3%) 0.127
Pelvic fixation, 11 (%) 29 (55.8%) 30 (56.6%) 1.000

Data are presented as the mean 4= SD or as the number of patients (percentage). * Bold p values mean statistical
significance. Group P indicates poor clinical outcome group; Group NP, non-poor clinical outcome group; DFB,
degenerative flatback; DLKS, degenerative lumbar scoliosis; ASA, American Society of Anesthesiologists; BMD,
bone mineral density; BMI, body mass index; DM, diabetes mellitus; PSO, pedicle subtraction osteotomy.

No notable differences were found in surgical factors, such as the total number of fused
segments, use of anterior-posterior surgery, execution of PSO, or pelvic fixation. Similarly,
no differences were observed between the two groups in preoperative radiographic factors
(Table 3).

Table 3. Comparison of radiographic factors and mechanical failure according to the two groups.

Group P Group NP p*
Preoperatively
PI (°) 55.1 £10.6 53.8 +10.5 0.516
LL (°) 16.1 £21.0 21.1£19.7 0.209
PI-LL (°) 39.1+21.7 32.7 +16.9 0.096
SS (%) 227 £11.2 23.8 £11.0 0.616
PT (°) 324 £122 30.0 £8.5 0.239
TK (°) 11.7 £ 144 162 £ 154 0.127
TPA (°) 323 +£11.9 28.8+£9.9 0.113
C7SVA (mm) 81.1 +53.3 66.7 +49.4 0.153
Immediate postoperatively
LL (°) 419 +£11.2 41.8 £10.1 0.953
PI-LL (°) 13.0 £ 129 12.1+9.6 0.684
SS (%) 314+79 32.1+89 0.668
PT (°) 23.2+89 219+ 84 0.428
TK (°) 21.1+10.1 22.7 +10.5 0.438
TPA (°) 20.7 £ 8.8 18.1 £279 0.091
C7SVA (mm) 28.2 £31.3 18.4 +27.8 0.092
Grouping by Schwab’s criteria 0.559
Under (PI-LL mismatch > 10°), n (%) 30 (57.7%) 27 (50.9%)
Matched (PI-LL mismatch < £10°), n (%) 22 (42.3%) 26 (49.1%)
Over (PI-LL mismatch < —10°), n (%) 0 0
Grouping by age-adjusted PI-LL target ' 0.026
Under (PI-LL offset > 10°), n (%) 17 (32.7%) 12 (22.6%)
Matched (PI-LL offset < £10°), n (%) 25 (48.1%) 38 (71.7%)
Over (PI-LL offset < —10°), 1 (%) 10 (19.2%) 3 (5.7%)
Grouping by GAP score 0.632
Proportioned, n (%) 11 (21.2%) 9 (17.0%)
Moderately disproportioned, 1 (%) 17 (32.7%) 22 (41.5%)
Severely disproportioned, 1 (%) 24 (46.2%) 22 (41.5%)
At the last follow-up
LL (°) 339+ 129 333+ 11.7 0.799
PI-LL (°) 232 +179 20.6 £11.9 0.378
SS (°) 279+ 82 279+ 87 0.983
PT (°) 292 +10.4 259 +8.7 0.087
TK (°) 293 +£1438 273 £137 0.491
TPA (°) 30.0 +11.9 246+7.6 0.007
C7SVA (mm) 77.0 = 53.0 60.0 +£42.2 0.077
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Table 3. Cont.

Group P Group NP p*
Mechanical complications (PJK) <0.001
No PJK, n (%) 12 (23.1%) 35 (66.0%)
PJK, but no revision surgery, n (%) 28 (53.8%) 16 (30.2%)
Revision surgery for PJK, n (%) 12 (23.1%) 2 (3.8%)
Mechanical complications (Rod fracture) 0.792

No rod fracture, n (%)
Rod fracture, but no revision surgery, 1 (%)
Revision surgery for rod fracture, 1 (%)

41 (78.8%)
8 (15.4%)
3 (5.8%)

43 (81.1%)
6 (11.3%)
4(7.5%)

Data are presented as the mean + SD or as the number of patients (percentage). * Bold p values mean statistical
significance. * Age-adjusted PI-LL target was calculated as follows: Age-adjusted PI-LL target = (Age — 55)/2 + 3.
Offset was calculated as the following formula: (actual PI-LL) — (age-adjusted PI-LL target). According to offset,
Under means offset > 10°, Matched means offset within +£10°, and Over means offset < —10°. ¥ “Proportioned” in
GAP score means a total score of 0-2, “moderately disproportioned” 3-6, and “severely disproportioned” > 7.
Group P indicates a poor clinical outcome group; Group NP, a non-poor clinical outcome group; PI, pelvic
incidence; LL, lumbar lordosis; SS, sacral slope; PT, pelvic tilt; TPA, T1 pelvic angle; C7SVA, C7 sagittal vertical
axis; GAP, global alignment and proportion; PJK, proximal junctional kyphosis.

Among immediate postoperative radiographic parameters, only the correction amounts
relative to the age-adjusted PI-LL target significantly differed between the two groups
(Table 3). A relatively higher percentage of patients with overcorrection in group P (19.2%)
compared with group NP (5.7%). In contrast, the percentage of patients who achieved
matched correction was significantly greater in group NP (71.7%) than in group P (48.1%).
There were no differences in terms of Schwab’s PI-LL mismatch criteria or GAP score
(Table 3).

At the last follow-up, TPA was the only parameter that showed a significant difference
between the two groups (30.0° in group P vs. 24.6° in group NP, P = 0.007). Both PT and
C7SVA tended to be higher in group P than in group NP, but these differences did not reach
statistical significance. Regarding mechanical complications, PJK development significantly
affected the clinical outcomes, while the development of rod fracture did not regardless
of revision surgery. There were significantly more patients with PJK development in
group P than in group NP (53.8% vs. 30.2%). Revision surgery for PJK was performed in
significantly more patients in group P than in group NP (23.1% vs. 3.8%) (Table 3). From
immediately postoperative to the last follow-up, there were significant decreases in LL
and SS, along with significant increases in PT, TK, TPA, and SVA. A similar pattern of
correction loss was observed in both patient groups, regardless of whether mechanical
failures occurred (Figure 1A,B).

Loss of correction

A Loss of correction B

in patients without mechanical failures in patients with mechanical failures

60 55.3 90 *
76.2

* 20

50
425 70

40 60
33. 2 *
P aa
30 21 250 "
289 208 209
20 17.2 30 267
20
10
10
0 0

LL() 55() PT ) TK () TPA ()

SVA (mm) LL (%) SS () PT() TK () TPA () SVA (mm)

mImmediate postoperatively ~ m At the last follow-up mImmediate postoperatively ~ m At the last follow-up

Figure 1. Changes in sagittal parameters between immediate postoperative and at the last follow-up
among patients with (A) and without (B) mechanical failures. * Means p < 0.001 and ** means p < 0.05.
LL indicates lumbar lordosis; SS, sacral slope; PT, pelvic tilt; TK, thoracic kyphosis; TPA, T1 pelvic
angle; SVA, sagittal vertical axis.
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Multivariate analysis identified PJK development as the sole independent risk factor
associated with poor clinical outcomes, with an odds ratio (OR) of 3.957 for PJK develop-
ment and 21.141 for revision surgery related to PJK (Table 4).

Table 4. Multivariate logistic regression analysis of risk factors to cause poor clinical outcome.

Variables B S.E Wald p* Exp (B) (95% CI)

T-score on BMD (g/cm?) —0.141 0.156 0.817 0.366 0.868 (0.639-1.180)
Categories by age-adjusted PI-LL target © 3.304 0.192

Matched (vs. Under) —0.372 0.641 0.336 0.562 0.690 (0.196-2.423)

Over (vs. Under) 1.053 1.024 1.056 0.304 2.865 (0.385-21.325)
Last TPA 0.058 0.032 3.189 0.074 1.060 (0.994-1.129)
Presence of PJK 14.918 0.001

PJK (vs. no PJK) 1.375 0.500 7.570 0.006 3.957 (1.485-10.540)

Revision surgery for PJK (vs. no PJK) 3.051 0.897 11.559 0.001 21.141 (3.641-122-754)

Stepwise multivariate analysis was performed using variables that had a significance of <0.05 in the univariate
analyses. B means regression coefficient; S.E, standard error. * Bold p-values indicate statistical significance.
* Age-adjusted PI-LL target was calculated as follows: Age-adjusted PI-LL target = (Age — 55)/2 + 3. Offset was
calculated as the following formula: (actual PI-LL) — (age-adjusted PI-LL target). According to offset, Under
means offset > 10°, Matched means offset within +10°, and Over means offset < —10°. BMD indicates bone
mineral density; PI, pelvic incidence; LL, lumbar lordosis; TPA, T1 pelvic angle; PJK, proximal junctional kyphosis.

Other factors such as T-score, correction amount according to age-adjusted PI-LL,
and TPA at the final follow-up, were not significant in multivariate analysis. However,
both TPA and SVA values at the last follow-up were significantly greater in patients who
developed PJK compared with those who did not. There was no significant difference in
these values between patients without PJK and those who underwent revision surgery for

PJK (Figure 2).
Sagittal parameters at the last follow-up
Q0 —** *%k
a0
70
60
60.1
50
40 add FE %
30 355
30.3
20 26.4 25.8| 25.8
21.3

10

(1]

LL (%) PI-LL (*) 55 () PT ) TK () TPA () SVA (mm)

PIK (9 M PJK (+), but revision surgery (-) W PJK (+), and revision surgery (+)

Figure 2. Sagittal parameters at the last follow-up according to PJK development and related revision
surgery. Note that TPA and SVA values at the last follow-up were significantly greater in patients with
PJK development but were not different between patients without PJK and those who underwent
revision surgery for PJK. ** means p < 0.05.

At the last follow-up, HRQOL measures, such as ODI, several items of SRS-22r, and
SF-36 scores, showed a trend of worse outcomes in patients with PJK development and
revision surgery followed by patients with PJK but did not undergo revision surgery, and
finally, patients without PJK development (Table 5).
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Table 5. The last-follow-up HRQOLs according to PJK development.

I;\J]Ii (4,_7) Rezigo(;)(, -) ReI\)IJiIs(i(i;)EH ANp O*V A
(N = 47) (N =44) (N =14) ( )

ODI 349 +21.0 47.6 +18.5 56.4 4+ 23.5 0.001

Function 34+08 2.6 £0.7 26+07 <0.001

Pain 39+08 32+09 2.7 +£09 0.004

SRS-22r Appearance 35408 26+0.8 28+£0.8 0.001

Mental health 3.7+£09 27+£10 27+05 <0.001

Satisfaction 37+08 35+08 29+09 0.054

Total 3.6 £07 29+07 2.7 +£0.6 0.001

Physical functioning 46.3 +28.6 294 +24.7 25.0 £ 24.0 0.049

Role—physical 62.8 +32.6 477 +£29.1 417 £22.7 0.124

Bodily pain 59.0 +23.4 4404238 56.5 4+ 20.9 0.081

General Health 49.3 +20.5 3294237 322+16.6 0.030

Vitality 47.8 +22.6 3894222 43.1+18.1 0.392

SF-36 Social functioning 72.5 £ 29.9 514 +32.8 444 +251 0.031

Role—emotional 65.8 £+ 36.7 56.4 £ 34.5 389 +£17.7 0.142

Mental health 60.3 +£27.3 50.2 +27.6 51.7 + 14.6 0.410

Physical component summary 543 +21.7 38.5+21.2 38.8+11.4 0.027

Mental component summary 61.14+253 495+ 26.1 52.8 +24.6 0.151

Data are presented as the mean + SD. (+) indicates that the event has occurred; (—) indicates that the event has
not occurred. * Bold p values mean statistical significance. HRQOL indicates health-related quality of life; PJK,
proximal junctional kyphosis; ODI, Oswestry disability index; SRS-22r, Scoliosis Research Society-22r; SF-36,
36-item short-form health survey.

4. Discussion

In assessing ASD surgery success, pertinent restoration of the optimal spinopelvic
alignment has received the most attention. Numerous studies have shown a strong correla-
tion between radiographic alignment and pain or disability in patients with ASD [3,23,27].
However, most of these previous studies were based on 2-year follow-up data. Few stud-
ies have reported the predictive factors affecting clinical outcomes over the long-term
follow-up period. It is important to ensure good clinical outcomes even during long-term
follow-up following any surgical treatment for spinal diseases because as the follow-up
period increases, various adverse events can happen, such as loss of correction or mechani-
cal complications, after ASD surgery. Therefore, we believe it is necessary to include such
probable adverse events as well as postoperative spinopelvic alignment when evaluating
the long-term clinical outcome.

To the best of our knowledge, no previous research has examined long-term clinical
outcomes following ASD surgery by combining demographic and radiographic data, and
mechanical complications. In this study, we used ODI scores to define the poor outcome
group because ODI is a widely recognized tool for assessing disability levels [20,21,28].
However, we also found that other HRQOL measures such as SRS-22r, and SF-36, were
significantly worse in group P compared with group NP. Therefore, we believe that the two
groups based on ODI scores well represent the poor and non-poor outcome groups.

In the current study, multivariate analysis revealed that the most important factor that
led to poor clinical outcomes was PJK development. It is quite understandable that patients
with PJK would have inferior clinical outcomes to those of patients without PJK because
numerous studies have documented clinical deterioration following PJK development. Kim
et al. have reported that pain was prevalent in 0.9% of patients without PJK development
compared with 29.4% of patients with PJK, resulting in a lower composite SRS-22r pain
score (mean change +12 vs. +0.8) [29]. Bridwell et al. proposed the threshold of PJA of 20°
to define the symptomatic PJK. They observed that changes in SRS-22r score were lower in
PJK patients, although not significantly different from those in the non-PJK group [30].
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At this point, it is notable that PJK development outweighs other factors such as
T-score, correction amount relative to the age-adjusted PI-LL, and last TPA, which were
only significant in univariate analyses. Although these values were not significant in our
multivariate analysis, they are linked to PJK development. Low bone density is a strong
risk factor for PJK development, especially bony-failure type PJK [31]. The concept of
age-adjusted PI-LL, first introduced by Lafage et al. in 2016 [21], has been regarded as
important in PJK prevention. Several studies have demonstrated that aligning with the
age-adjusted PI-LL target significantly lowers the risk of developing PJK [32,33]. Recently,
Park et al. demonstrated that overcorrection relative to the age-adjusted PI-LL target is
associated with a higher risk of PJK and poor clinical outcomes [34]. In this study, we
observed a significantly higher number of patients in group P who had overcorrection
compared with the age-adjusted PI-LL target, in contrast to those in group NP (Table 3). We
infer from this result that overcorrection relative to the age-adjusted PI-LL target correlates
with poor clinical outcomes by increasing the risk of PJK.

Finally, TPA at the last follow-up was significantly greater in group P than in group
NP. It is well-known that a higher TPA is associated with poorer clinical outcomes [22,28].
The increased TPA at the last follow-up compared with immediate postoperatively might
result from correction loss during the follow-up period, as we documented a significant
loss of correction over time (Figure 1A,B). However, a high TPA could also be the result of
PJK development. Once the PJK occurs, C7SVA tends to increase, and the pelvis rotates
backward to compensate for the forward posture. Due to these coupled mechanisms, TPA
would increase after PJK development, as shown in Figure 2. Although a low T-score on
BMD, overcorrection relative to the age-adjusted PI-LL at immediate postoperative and
the final high TPA were not significant in the multivariate analysis, and we believe that all
these factors are related to PJK development (Figure 3).

Overcorrection to age-
adjusted PI-LL

Low T-score
i 1
¥

High TPA

Poor clinical outcome

Figure 3. Diagram showing the factors affecting the PJK and clinical outcomes. PI indicates pelvic
incidence; LL, lumbar lordosis; PJK, proximal junctional kyphosis; TPA, T1 pelvic angle.

Therefore, we suggest that the active management of poor bone quality before and
after surgery, combined with proper alignment restoration according to the age-adjusted
PI-LL target during surgery, is crucial for preventing PJK and achieving favorable long-term
clinical outcomes.

Lastly, we found that patients who underwent revision surgery for PJK had worse
clinical outcomes compared with patients with PJK but without revision surgery, despite
significant improvement in critical radiographic parameters like TPA and SVA after the
revision surgery (Figure 2). This might be because a few patients in this study underwent
revision surgery due to spinal cord compression. In a recent study, Ha et al. reported
that the prognosis of neurologic deficit after revision surgery for PJK with neurologic
involvement is not favorable, with over 50% of patients experiencing no improvement in
their neurologic status [35].
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A few limitations should be acknowledged in this study. First, the number of enrolled
patients was relatively small compared with recent ASD studies. However, this might
be attributed to our strict inclusion and exclusion criteria regarding radiographic and
clinical data, as well as the long follow-up duration. Second, although we demonstrated
that PJK development is most responsible for poor clinical outcomes during long-term
follow-up, there might be a few patients who did not experience clinical deterioration
despite PJK development. Lastly, our study is limited by its single-center design and the
lack of diversity in patient populations. Future multicenter studies are necessary to enhance
the generalizability and cohort size.

5. Conclusions

This study identified PJK development as the sole independent factor contributing
to poor clinical outcomes during long-term follow-up. In contrast, rod fractures were
not significantly associated with poor outcomes, even in cases requiring revision surgery.
While low T-scores, overcorrection relative to the age-adjusted PI-LL, and high TPAs at the
last follow-up were linked to poor outcomes in univariate analysis, these factors are closely
related to PJK development. Thus, preventing PJK is crucial for ensuring long-term success
following ASD surgery.
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Abstract: Introduction: Comparative studies on Hounsfield units (HU) and bone volume
fraction (BVF%) for the demonstration of cancellous bone density in the entire spine and in
the various intravertebral regions are rare. The aim of the present study was to determine
HU in various segments and sectional planes (sagittal, axial, coronary) of the spine and
their description in the context of bone density measurement on micro-CT, as well as the
significance of the values for bone loss and fracture risk. Materials/Methods: The spines
of 11 body donors were analyzed by means of high-resolution spiral CT and micro-CT.
Vertebral deformities were identified on sagittal reformations and classified. Cancellous
bone density in the individual vertebrae from C3 to L5, expressed in HU, was measured
on CT images (in all 242 vertebral bodies). For this purpose, a manually positioned ROI
was established in mid-vertebral cancellous bone in the axial, sagittal, and coronary planes.
Using a Jamshidi® needle, we obtained 726 specimens from prepared vertebrae extracted
from three quadrants (QI: right-sided edge, QII: central, QIII: left-sided edge) and analyzed
these on a micro-CT device (SKYSCAN 1172, RJL Micro & Analytic GmbH, Germany).
The study design with multiple measurements was reflected by a General Linear Model
Repeated Measures. The model was adjusted to the bone density values of both procedures
(HU, BVF%) in the viewed sectional planes and quadrants for 22 vertebrae, with the
predictors gender and fracture status, controlled for age and body mass index (BMI).
Analysis of variance provided estimations of density values and comparisons of several
subgroups. Results: All spines were osteoporotic. Both procedures revealed a significant
reduction in cancellous bone density from C3 to L5 (p < 0.018). Gender (p = 0.002) and
fracture status (p = 0.001) have an impact on bone density: men have higher bone density
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values than women; cases with fewer fractures also have higher bone density values. CT
revealed both effects (p = 0.002 for each) with greater clarity. HU on CT measurements in
the axial plane showed higher density values than in the sagittal or coronary planes. CT
measurement profiles along the spine as well as along the individual profiles of the 11 body
donors were independent of the measured quadrants, but the micro-CT measurements were
not. Discussion: The craniocaudal reduction in bone density was demonstrated in different
degrees of clarity by the two procedures. Likewise, the procedure-related visualization of
differences in cancellous bone density between genders, fracture groups, sectional planes,
and quadrants indicates the need for a better understanding of the advantages of each
procedure for patient-oriented approaches to the diagnosis of osteoporosis. Future research
should be focused on the determination of standard values and their clinical application
for the prevention and treatment of osteoporosis.

Keywords: Hounsfield units; spine; osteoporosis; bone density; CT morphology

1. Background

Osteoporosis (OP) is a systemic skeletal disease marked by reduced bone mass and
weakening of the microarchitecture of bone [1]. The prevalence of OP in the European
Union, the United Kingdom and Switzerland is 5.6% (22.1% in women, 6.6% in men)
(SCOPE-Study) [2]. Thus, OP is a significant health problem, especially because of the
associated high risk of pathological fractures. So-called major osteoporotic fractures, also
known as fractures typically associated with osteoporosis, increase markedly after the age
of 50 years in women and after the age of 60 years in men [3]. Thus, elderly persons are
subject to a higher risk of osteoporotic fractures, which also lead to poor quality of life,
disability, loss of independence, referral to care homes, and higher mortality rates [4]. A
variety of radiographic modalities is used to assess the risk of fracture and bone quality.
Diagnostic radiological investigations play a decisive role in the prevention and treatment
of OP; Hounsfield units (HU) are used to an increasing extent as an indicator of cancellous
bone density and fracture risk [5,6]. Micro-computed tomography (micro-CT) permits three-
dimensional ex vivo assessment of bone morphology [7]. It is used to measure a number
of variables, including bone volume fraction (BVF%). The trabecular microarchitecture of
bone as well as variations in cancellous bone density in the various segments of the spine
are important factors underlying the emergence of insufficiency fractures [8,9]. Nonetheless,
studies analyzing HU values along the entire spine are rare [9]. We lack comprehensive
investigations of cancellous bone density including a systematic documentation of density
values appearing in the various segments and sectional planes of the spine (axial, sagittal,
coronary). It would be interesting to obtain data about cancellous bone density (HU)
and microarchitecture (BVF) in one and the same vertebral body and segment of the
spine. The aim of the present study was to analyze HU values along the spine in various
sectional planes and quadrants to compare them with the corresponding BVF values
and thus to assess the potential relevance of HU measurements for the estimation of
bone loss and fracture risk. Based on the analysis of HU values in the entire spine, the
study was expected to provide new data about the distribution of bone density and
factors influencing bone density. The investigation considered the regional variability in
trabecular microarchitecture to better understand OP pathophysiology. The following
research questions were addressed:

What are the similarities and differences between the various radiological
investigation modalities?
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Specifically, do systematic differences exist in bone density values in the individual
sectional planes and selected quadrants? Do trends exist in the values of bone density
over the 22 vertebrae from C3 to L5? What are the factors that influence the density of
cancellous bone?

2. Materials and Methods
2.1. Study Design and Group Allocation

The present investigation was a single-arm cadaver study at the Rostock University
Medical Center. This study is based methodologically on previously published own
research, all according to the ethic approval code A2017-0072 [9-12].

2.2. Recruitment and Ethics

The participants of the study were persons who had enrolled in the body donor
program at the Institute of Anatomy of Rostock University Medical Center during their
lifetimes and had consented voluntarily to donate their bodies to scientific research after
their death. Medical information about the body donors was limited. Primarily, we
knew the cause of death. The methods used to obtain tissue were in accordance with the
ethical standards of the Declaration of Helsinki; this study was reviewed and approved
by the appropriate regional ethics committee for medical research of Rostock University
(No. A 2017-0072).

2.3. Inclusion and Exclusion Criteria

The clinical investigation comprised cadavers from which we were able to extract
complete spines with vertebral bodies from C3 to L5, free of anatomical deformities or
severe bone diseases such as tumors or bone metastases. In addition, the body donors
were expected to be of advanced age (above 65 years), and the spines were required to
show no signs of growth retardation, Paget’s disease, spinal fusion, or the formation of
block vertebrae. Likewise, body donors who had undergone surgery on the spine with
the use of foreign material were excluded. The implementation of inclusion and exclusion
criteria was executed by a multidisciplinary team comprising experienced anatomists and
senior residents in the final stages of their orthopedic and trauma surgery specialization.
This team conducted the spinal column extractions, employing their expertise to perform
initial macroscopic assessments for anatomical anomalies. To ensure objective evaluation
of anatomical deformities and severe osseous pathologies, standardized CT-imaging was
performed on all specimens. The radiographs were subsequently analyzed using a double-
blind approach by two independent board-certified radiologists, both with substantial
research experience in osteology. This dual-reader methodology significantly enhanced the
accuracy and reliability of identifying relevant spinal pathologies, minimizing potential
observer bias. The multitiered assessment protocol, leveraging both hands-on anatomical
expertise and advanced imaging analysis, facilitated a comprehensive and rigorous applica-
tion of the predefined inclusion and exclusion criteria. The synergy between direct clinical
examination by specialists and quantitative radiological assessment provided a holistic
evaluation of each subject against the established parameters. All personnel involved in
this process possessed requisite qualifications and extensive experience in their respec-
tive domains. The anatomists and orthopedic residents brought a deep understanding of
musculoskeletal structures and pathologies, while the radiologists contributed specialized
knowledge in bone imaging interpretation. This amalgamation of diverse expertise signif-
icantly bolstered the robustness and validity of the selection process, ensuring that only
specimens meeting the stringent criteria were included in the subsequent analyses.
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2.4. Extraction of Spines and Cancellous Bone

After the postmortal stage, the cadavers were perfused through the left-sided femoral
artery with a 96% ethanol solution at a pressure of 0.5 bar. This was followed by preser-
vation in a free-floating state, in a 0.5% aqueous phenol solution. The spines of the body
donors were exposed and extracted in prone position. The prepared specimens were stored
in a 70% ethanol solution at 4 °C for subsequent imaging and aspiration of cancellous bone.
The aspiration of cancellous bone was performed from the ventral-dorsal aspect in the
center, as well as in the marginal areas of the vertebrae. Precise positioning was ensured by
controlling the same on CT in order to take any existing fusion fractures into account. In
cases of fusion fractures, there was still adequate uncompromised cancellous tissue for the
extraction of biopsy specimens. Using a Jamshidi® needle (8 gauge, 3.263 mm), a total of
726 cancellous bone cylinders were obtained from 242 previously exposed vertebrae, from
the ventromedial and marginal areas, and each prepared for further investigation in an
Eppendorf reaction vessel (1.5 mL).

2.5. Diagnostic Imaging
2.5.1. CT and QCT

In order to create realistic conditions for clinically accurate and anthropometric mea-
surements, the extracted spines were submerged carefully in a PLEXIGLAS® (PMMA)
water phantom measuring 125 cm in length and 25 cm in diameter. Care was taken to
ensure there were no air pockets. The donor spines were subjected to a high-resolution
spiral CT investigation (GE Revolution EVO/64-slice CT/lateral scanogram) with an axial
slice thickness of less than 1 mm, and with axial (Figure 1a,b), coronary (Figure 1c,d) and
sagittal (Figure le,f) reformations with a slice thickness of 2 mm. Vertebral deformities
were identified and graded on the sagittal reformations. The bone mineral density (BMD)
of cancellous bone was determined on quantitative CT (GE Revolution EVO/64-slice com-
puted tomography device and Mindways Software (version 4.2.3) 3D Volumetric QCT
Spine, Austin, TX, USA). The measurement was performed on a volume block at the levels
of L1, L2, and L3. The mean value—given in mg/cm>—was used to estimate the presence
of OP.

2.5.2. Micro-CT Images and Evaluation of Microarchitecture

The cancellous bone cylinders were obtained with the aid of micro-CT (SKYSCAN
1172, RJL Micro & Analytic Company, Karlsdorf Neuthart, Germany). For this purpose,
we used flat-field correction and a comparison with phantoms (reference) at densities of
0.25 g/cm? and 0.75 g/cm?. The settings for the scanning procedure were set as follows:
filter AI 0.5, resolution 640 x 512 pixels, pixel size 19.9 um, isotropic nominal voxel size
35 mm (field of view 70 mm, X-ray source 100 kV, 100 nA). The trabecular region of interest
was defined manually in order to exclude the cortical component of the vertebra. Bone
volume fraction (BVE, %) was the measured parameter of trabecular microarchitecture. A
schematic illustration of the sampling procedure is shown in Figure 2.
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Figure 1. Determining Hounsfield units based on a mid-vertebral region of interest in the axial (a,b),
coronary (c,d), and sagittal (e f) plane. (b) shows the mid-vertebral height of the axial section (1).
(d) displays the mid-vertebral height of the coronal section (2). (f) illustrates the mid-vertebral height
of the sagittal section centrally (4), as well as laterally on the right (3) and left (5) sides.

2.6. Statistics

All descriptive statistics of quantitative characteristics (age, BMI, BMD) are shown
as means £ standard deviation (SD). The study design with multiple measurements
for the outcome of cancellous bone density was reflected by a General Linear Model
Repeated Measures. The procedure provides an analysis of variance for several sub-
groups and factor levels. The model was fitted to the bone density values obtained from
micro-CT (BVF%) and CT (HU) in the 3 sectional planes and measured quadrants QI,
QII, QIII for 22 vertebrae using the binary predictors gender [female, male] and fracture
status [<1 fracture, >1 fracture], adjusted for covariates age [years] and BMI [kg/ m?2].
The assumption of normality was tested with the Shapiro-Wilk test. The resulting
bone density values of investigated subgroups and factor levels are given as estimated
marginal means £ SD, obtained from the model. Null hypotheses about the effects of
factors, covariates, and interactions were tested; p-values of post hoc multiple comparison
tests were Sidak-adjusted; the level of significance was set to p < 0.05. All data were
analyzed using the statistical software package IBM® SPSS® 29.0.
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Figure 2. Schematic illustration of the extraction of cancellous bone cylinders (a) from the cervical
(CS), thoracic (TS), and lumbar spine (LS); quadrant biopsies (b) from the marginal areas (QI and
QIII) and the central quadrant (QII) for the determination of bone volume fraction (BVF) on micro-CT;
determination of Hounsfield units using a region of interest in the sagittal (c) sectional plane in a
central region (4) and in 2 marginal areas (3 and 5), which were deemed comparable to the biopsy
quadrants on micro-CT. This was followed by a comparison of cancellous bone density determined
on CT and micro-CT (QI or right-sided edge equals area 3, QII or the central region equals area 4, and
Q II or the left-sided edge equals area 5).

3. Results

A total of 11 spines, each with 22 vertebrae, were extracted from human body donors.
Per vertebra, we obtained three cancellous bone cylinders. Finally, 726 micro-CT samples
were compared with 726 sagittal sections on CT with regard to cancellous bone density. The
11 spines were derived from five male and six female donors, 66 to 91 years old (79.1 £ 7.5).
The available information about medical histories is limited to the cause of death. A
summary is provided in Table 1.

89



J. Clin. Med. 2025, 14, 1059

Table 1. Medical history data of the entire group.

Body Donors (n = 11)

Age (years) 791+75
Gender (male/female) 5/6
Body mass index (kg/m?) 21955
Number of sustained fractures (<1 fracture/>1 fracture) 3/8
Extracted segments C3-L5
Bone density in the lumbar vertebrae 1 to 3 (mg/ cm?) * 58.7 +27.3
Number of vertebral body fractures 1.8 £11

Number of vertebral fractures in relation to gender:
overall/male/female (1)

Th5 1/0/1
Thé 1/1/0
Th7 3/2/1
Th8 3/2/1
Th9 2/1/1
Th10 1/0/1
Th12 2/2/0
L1 5/1/4
L2 2/0/2
Number of investigated vertebrae (1) 242

Number of investigated cancellous bone cylinders (1) 726

Hounsfield units in the sagittal plane in QI to Q III (7) 726

Comparison of sectional planes in Hounsfield units (axial,
coronary, sagittal) (1)

Data shown as numbers (1) or mean =+ standard deviation (SD); * measurements based on quantitative computed
tomography (QCT).

726

3.1. QCT

The mean overall bone mineral density of 11 spines, measured from lumbar vertebra
L1 to L3, yielded a value of 58.7 & 27.2 mg/cm?, which indicates severe OP. In general,
a bone mineral density below 80 mg/cm? is interpreted as osteoporosis [5]. At a bone
mineral density below 60 mg/cm3, we found more fusion fractures in the thoracic and
thoracolumbar regions (p = 0.012). No fractures were seen in the cervical spine.

Density of Cancellous Bone in Hounsfield Units on the CT Image

Cancellous bone density (HU) fell from C3 downward (186 £ 25.9) to L5 (88.1 &= 29.1:
p < 0.001) (Figure 3). Generally, the axial section (119 + 17.2) yielded higher HU values
than the sagittal (116 & 16.8) or coronary sections (117 £ 16.4). Men (157 & 22.3; n = 5) had
higher bone densities than women (77.6 £ 18.9; n = 6; p = 0.002). All three sectional planes
reflected the gender difference to the same degree (p = 0.003 each). Men had higher density
values on the axial image than on the sagittal (p < 0.001) or coronary images (p = 0.007), but
the latter two planes did not differ from each other (p = 0.256). In women, we found no
significant density differences in the sectional planes (p > 0.111).

On average, the donors had experienced 1.8 + 1.1 fractures (Table 1). Vertebral
fractures (VF) differed in numbers and showed the following differences in density:
<1 fracture 146 + 15.8; more than 1 fracture 89.1 £ 14.4 (p = 0.002). At a maximum
number of one VF, there were differences between the axial and sagittal sections (p = 0.001),
as well as the axial and coronary sections (p = 0.017). On the other hand, the comparison
of HU values from the sagittal and coronary images revealed no significant difference
(p = 0.236). In body donors with more than one VF, we also found significant differences in
the comparison of HU values in the axial and sagittal sections (p < 0.001), as well as the axial
and coronary sections (p = 0.024). Again, the comparison of sagittal and coronary sections

90



J. Clin. Med. 2025, 14, 1059

revealed no significant difference (p = 0.060). Men with a maximum of one fracture had
higher cancellous bone densities (206 £ 17.6) than men with more than one sustained frac-
ture (109 £ 15.3; p = 0.003); the same was not observed in women (85.5 & 19.0; 69.7 & 13.8;
p = 0.335). However, men with <1 fracture (p = 0.005) and more than 1 fracture (p = 0.014)
had higher cancellous bone densities than women in the respective fracture groups.
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Figure 3. Cancellous bone density in Hounsfield units (HU) reduces along the spine from C3 to L5
(p <0.001). Each vertebra was measured in 3 sectional planes (sagittal, axial, coronary). In all sections,
we observed similar reducing values of bone density along the spine. Bone density is greater in
the axial section than in the other two sectional planes. The average vertebral bone density (n = 11)
of each sectional plane is shown as estimated marginal mean with the respective 95% confidence
interval. Covariates appearing in the linear model are evaluated with age = 79.1 years and body mass
index = 21.9 kg/m?.

3.2. Micro-CT Compared with CT
3.2.1. Micro-CT and CT Scans Show Graphically Different Courses of Bone Density Values

A reduction in cancellous bone density from C3 to L5 was seen in CT investigations,
as well as in the BVF values on micro-CT (C3: 25.0 £ 3.42; L5: 21.1 4 7.56; p = 0.018). The
values registered by the two procedures ran different courses (Figure 4). The differences
were clearly seen on longitudinal sections over the 22 vertebrae in general (A vs. B), as well
as divided into the 3 quadrants (C vs. D), and also in the 11 body donors (E vs. F).

3.2.2. Gender and Fracture Status Influence Bone Density Measurements

Gender (p = 0.002) and the number of existing VF (<1 vs. >1; p = 0.001) were in-
dependent factors influencing cancellous bone density, regardless of the procedure used.
However, age (p = 0.227) and BMI (p = 0.091) had no effect.

3.2.3. Micro-CT and CT Investigations Reveal Gender Differences with Varying Clarity

The two procedures (micro-CT and CT investigation) differed in their degrees of
reflecting gender-related differences in cancellous bone density (Figure 5A vs. Figure 5B).
Micro-CT investigation (A) revealed higher BVF values in men (n = 5) than in women
(n = 6). On CT investigation (B), the gender difference was seen graphically on the fine
scale in the individual vertebrae of the cervical, thoracic, and lumbar spine, and it was also
statistically significant (p = 0.002).
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Figure 4. Graphic comparison of the two procedures for the determination of cancellous bone density
with the aid of micro-CT (BVF%; left-sided panel, black dots) and CT (HU; right-sided panel, blue
dots) with reference to the three quadrants QI, QII, QIII. Above (A) BVF% and (B) HU: Overall values
for n = 11 body donors as profiles along the vertebrae C3-L5, averaged for 3 quadrants. A reduction
in bone density along the spine is observed with both procedures but in different degrees. Data are
given as means with their 95% confidence intervals. Center (C) BVF% and (D) HU: Individual views
of the quadrants QI, QII, QIII. Each data point expresses the mean value for n = 11 body donors.
The CT measurement yields, independent of the measured quadrant, uniformly reducing values.
The micro-CT measurement shows different profiles in the quadrants, highlighting the importance
of the measured quadrant. Below (E) BVF% and (F) HU: profiles of bone density for 11 donors in
the investigated quadrants. In this regard as well, CT yields uniform profiles independent of the
quadrant, but micro-CT does not. Data are given as means with their 95% confidence intervals.

3.2.4. Gender Differences Based on HU Values Were Independent of the
Investigated Quadrants

The CT investigation showed higher HU values in men than in women for each of
the three quadrants: Q1 (p = 0.002), QII (p = 0.003), and QIII (p = 0.003). In contrast, the
micro-CT investigation showed no significant gender difference in QI (p = 0.850), QII
(p = 0.870) or QIII (p = 0.378). In women, both procedures revealed no differences between
the three quadrants (p > 0.061); the same was true of micro-CT measurements in men
(p > 0.672). Only CT measurements in men showed differences in the quadrants
(» < 0.011).
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Figure 5. Bone density measurements (on the left side as bone volume fraction BVF%, on the right
side in Hounsfield units HU) in relation to the two influencing factors: gender (upper panel) and the
number of sustained vertebral fractures (VF), (lower panel), in relation to the location of the vertebral
body. (A) BVF% of male (blue, n = 5, group mean = 19.7% as reference line) vs. female (red, n = 6).
The mean density values in men serve as a reference line so that the below-average values in women
become obvious. Data are shown as means with their 95% confidence intervals. (B) HU of male (blue,
n =5, group mean = 130 HU as reference line) vs. female (red, n = 6). (C) BVF% of the group with
at most one experienced VF (left, n = 3, group mean = 19.4% as reference line) vs. the group with
more than one VF (right, n = 8). Most of the shown vertebral BVF means of those with more than
one fracture are smaller than the reference value of 19.4%. (D) HU of the group with at most one
experienced VF (left, n = 3, group mean = 117 HU as reference line) vs. the group with more than
one VF (right, n = 8). Data are given as means. Expected gender- and fracture-related differences
in bone density are seen with both procedures. The higher bone density values on CT in HU were
statistically confirmed in men as well as in the group with a maximum of one VF (p = 0.002 for each).

3.2.5. CT and Micro-CT Investigations Differ in Their Depiction of Fracture Status

The CT measurements showed differences between the subgroups of < 1 fracture
(n = 3) and more than 1 fracture (n = 8; p = 0.002, Figure 5D). The micro-CT measurements
(C) were 21.9 £ 3.03 and 18.5 & 2.77 (p = 0.162). Micro-CT revealed no differences between
fracture groups for women (p = 0.246) or for men (p = 0.431). The CT investigation, on the
other hand, revealed higher HU values in men at a maximum number of one versus more
than one sustained vertebral fracture (p = 0.003).

4. Discussion

The present investigation permitted a comparison of cancellous bone densities in
all segments of the spine from 11 body donors aged 66 to 91 years, measured with two
different procedures. Besides, for the first time a study yielded data from aspirations
of different quadrants in a micro-CT investigation, and Hounsfield units from similar
quadrants of a CT investigation. The BMI in the entire group is considered normal, BMI
values below 22 are related to a rising fracture rate [13]. All investigated probands had
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bone mineral density values below 80 mg/cm? on densitometry and therefore suffered
from OP [14]; fusion fractures are obligatory at values below 60 mg/cm? [8]. The age of
the body donors contributed significantly to these findings [15-17]. A rise in fracture rates
was seen especially beyond the age of 70 years [18]. Fractures were typically distributed
in the thoracolumbar and lumbar portions of the axial skeleton [9]. One explanation for
this fracture cascade along the spine could be the pre-existing curvatures of the spine [19].
The turning point of the curvature of thoracic kyphosis is in the mid-region of the thoracic
spine (Th7, Th8). Due to the greater curvature, there are higher bending moments and
compression loads at this site. This notion is supported by the fact that an increase in
curvature—which is equivalent to greater kyphosis which develops in the course of life
and is especially significant in osteoporosis—results in greater bending loads. Likewise, the
elevated fracture risk at the junction of Th12 and L1 is possibly explained by greater mobility
in the lumbar spine and consequently higher compression loads. Vertebral fractures of the
thoracic and lumbar spine belong to the 10 most frequent fracture entities in Germany [3].

In the present investigation, L1 was affected most frequently by a fracture, independent
of gender. It was interesting to note that L1 had a model-adjusted mean value of 90.2 HU
and thus a higher cancellous bone density than L4 with 86.0 HU. Thus, it may be assumed
that, in addition to cancellous bone density, the above-mentioned factors play an important
role in the number of sustained fractures.

No fractures of the cervical spine were observed in the present study. Montemurro et al. [20]
investigated the significance of a Y-shaped trabecular bone structure (TBS) in the odontoid pro-
cess of the axis (C2 vertebra) in patients with cervical spine injuries. The researchers concluded
that the Y-shaped TBS plays a crucial role in the biomechanical structural dynamics of the C1-C2
joint and has significant clinical relevance for dens fractures [20]. These results suggest that the
absence of this specific bone structure may be associated with an increased risk of dens fractures
in cervical spine injuries.

After analyzing their data from human vertebral bodies, Shin et al. [21] conclude that
the superior region of the vertebral bodies shows a higher biomechanical susceptibility,
which could explain its dominant role in osteoporotic vertebral fractures. The authors
recommend paying particular attention to the use of bone mineral density measurements
of the superior vertebral body region using lateral DXA (Dual-energy X-ray absorptiom-
etry) when diagnosing osteoporosis. Lateral spine DXA offers several advantages over
conventional posterior-anterior measurement. It allows for a more accurate assessment of
trabecular bone density in the vertebral body by excluding posterior elements and degener-
ative changes. Studies have shown that lateral DXA correlates better with trabecular bone
density measured by quantitative computed tomography [22,23]. Additionally, lateral DXA
demonstrates a stronger association with age and shows a steeper decline in bone density
with increasing age compared with anterior-posterior measurement [23]. Lateral DXA can
detect osteopenia and osteoporosis more frequently than anterior—posterior measurement,
especially in patients with degenerative changes in the spine [23,24]. This makes it a use-
ful tool for early detection of bone mass loss. However, there are some limitations: the
precision and accuracy of lateral measurement are slightly lower than anterior—posterior
measurement [23], and there is a lack of established reference values and diagnostic criteria
for lateral DXA. Therefore, lateral spine DXA is currently not routinely recommended for
the diagnosis of osteoporosis or monitoring of bone mass loss. However, it can provide
valuable information as a complementary measurement, particularly in patients with sig-
nificant degenerative changes in the spine, where anterior—posterior measurement might
overestimate bone density [24].

A study by Zhao [25] and colleagues examined the differences between cranial and
caudal endplates of the spine. The researchers found that the upper (cranial) endplates were
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significantly thinner than the lower (caudal) ones. In midsagittal sections, the difference was
approximately 14%, while in pedicular sections, a difference of about 11% was observed.
In addition to thickness, the optical density of the trabecular bone immediately adjacent
to the endplates was also investigated. Here, it was shown that the density in the cranial
region was about 6% lower than in the caudal region. Based on these findings, the scientists
concluded that the thickness of the endplate alone is not sufficient to explain the more
frequent failure in the upper region of the vertebral body. Rather, the biomechanical
properties of the endplate seem to be closely linked to the characteristics of the underlying
trabecular bone. These results highlight the complexity of vertebral body structure and
indicate that multiple factors must be considered when assessing the stability and load-
bearing capacity of the spine.

Measurements of HU from nearly complete spines (C3-L5), including micro-CT inves-
tigations, have rarely been performed so far. HU shows a normalized index of attenuation
of the X-ray beam, based on a scale from 1000 for air and 0 for water. The HU value of bone
is typically between 300 and 3000 [26]. With the aid of HU, we can make statements about
bone density. Schreiber et al. [26] determined a significant correlation between T-scores on
bone densitometry and HU of the same vertebra.

Our data showed a reduction in bone density in HU from cervical vertebra C3 to
lumbar vertebra L5. Schroder et al. [9] investigated 624 vertebrae from cervical vertebra C3
to sacral vertebra S2, extracted from 26 body donors by using a manually positioned region
of interest in cancellous bone. The authors determined the mean value from axial, sagittal,
and coronary sections. Their investigation revealed a similar course of HU values over the
spine as those registered in the present investigation. The highest HU was noted in the
cervical spine. They conclude that a loss of bone mineral density in vertebral cancellous
bone leads to a higher risk of fractures, but a value lower than the fracture-critical threshold
is not achieved in the cervical spine even in the presence of evident osteoporosis.

In contrast to Schroder et. al. [9], the present investigation compared HU values
from the axial, sagittal, and coronary sections of the same vertebrae in order to detect
differences, if any, in the various sectional planes. The highest HU values were noted in the
axial sections. Marinova et al. [27] routinely evaluated chest and abdomen CT data from
234 patients aged on average 59 years and found no significant intra-individual differences
between HU values in the axial, sagittal, and coronary planes. The authors assume that HU
values are similar regardless of the sectional plane. In a further investigation performed by
Kim et al. [28], the CT data of the lumbar spines of 100 patients aged over 50 years were
evaluated. The authors also found no difference between the axial, sagittal, and coronary
planes when screening for osteoporosis on CT, and concluded that all three planes could be
used equally for the measurement of bone mineral density on CT. For the sectional planes,
the authors compared the areas under the ROC curve (AUC) and the intra-class correlation
coefficient (ICC). Kim et al. [28] achieved cut-off values of 110 HU in the coronary plane,
112 HU in the axial, and 112 HU in the sagittal planes.

In contrast, Zhang et al. [29] investigated 1338 patients aged on average 61.9 years and
showed that measurements in the axial plane were on average 9 HU higher than those on
sagittal measurements. The authors used the thoracic vertebra 7 for their measurements.
With regard to the differentiation between osteoporosis and no osteoporosis, the sagittal
plane showed greater diagnostic efficacy. For each one-unit reduction in the sagittal CT
attenuation value, the risk of osteopenia or osteoporosis rose by 3.6 percent. The authors
recommend a bone densitometry investigation for all patients with a sagittal CT attenuation
value of <113.7 HU in the 7th thoracic vertebra.

The observation made in the present investigation that the HU values in the axial
plane are higher than those in the sagittal and coronary planes can be explained by several
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radiological and anatomical factors. On the one hand, the partial volume effect [30] plays
a decisive role in this phenomenon. In the axial plane, the region of interest (ROI) can be
defined more precisely in cancellous bone, whereas sagittal and coronary reconstructions
frequently include cortical bone or surrounding soft tissue. This results in the averaging of
density values and, consequently, lower HU values in these planes. On the other hand, the
trabecular structure of cancellous bone in the vertebrae is not isotropic. Due to the vertical
arrangement of trabeculae, more bone substance per volume is registered in the axial
plane, resulting in higher density values in this plane. Technical aspects of CT imaging,
such as the selected slice thickness and reconstruction are also worthy of mention. The
non-contrasted axial acquisition of CT data frequently yields a higher resolution than
reconstructed sagittal and coronary images. Thinner sections in the axial plane may lead
to more precise measurements and consequently higher HU values. The algorithms used
for sagittal and coronary reconstructions may lead to a slight smoothing of data, which
may influence the determined HU values. In order to minimize this discrepancy and
obtain consistent values, the ROI should be established carefully in all three planes while
avoiding cortical bone and marginal structures. Furthermore, if one wishes to obtain
representative values, the formation of a mean value from the measurements of all three
planes [9] appears to be meaningful only when there are no significant differences between
the sectional planes. These conclusions underline the importance of a careful and consistent
technique of measurement when determining HU values in vertebral bodies, especially in
the context of bone density measurements and for the assessment of fracture risk.

Micro-CT investigations of the cancellous bone density of vertebrae from all seg-
ments of the spine are laborious and have been scarcely described so far. More recent
studies [10,11] support our data showing that the bone volume fraction (BVF) reduces from
the cervical to the lumbar spine.

In the present investigation, gender and fracture numbers, in contrast to age and BMI,
were independent factors influencing cancellous bone density. In their study of 299 patients
aged 65 to 90 years, Zou et al. [31] showed that, independent of age and gender, patients
with a fragility fracture in the vertebrae had significantly lower HU values (on average
66 HU) than patients without a vertebral fracture (101.5 HU). The authors assume that HU
values may serve as useful indicators, with high specificity (60 HU) and sensitivity (100
HU) for the identification of patients with a fracture risk [31]. In contrast to Zhou et al., our
study was not limited to vertebrae in the thoracolumbar junction. Rather, we studied all
segments of the spine.

In our study, the gender-specific differences in bone density values were significant
and were shown in different degrees of clarity by the two methods. In the HU analysis,
men had, as expected, significantly higher density values than women, especially in the
axial section, which is indicative of differences in bone density and possibly also differences
in bone quality and loads between genders. Women, on the other hand, had no significant
differences in the sectional planes, which may be a sign of a more homogeneous distribution
of bone structure. The micro-CT method revealed no significant gender differences in any
of the quadrants, which is indicative of its limitations in clinical use.

Our results show that HU values on CT and BVF values on micro-CT investigation
have different properties in terms of sensitivity in the determination of bone density. While
HU values revealed uniform profiles of bone density over the vertebrae in the various
quadrants and in individual body donors, BVF values were more heterogeneous in the
quadrants. Particularly the bone density profile over the vertebral body in the central
quadrant II showed the expected uniform reduction in values. The “noisy” data on micro-
CT investigation may be an indication of the fact that this method of measurement is
more strongly influenced by the choice of the quadrant. At the same time, the direction
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of aspiration used for the sampling procedure appears to play a role. Schroder et al. [12]
compared ventrodorsal cancellous bone puncture with the craniocaudal one in 20 body
donors aged on average 79.4 years. After completion of their study, the authors concluded
that ventrodorsal puncture yields more subcortical structures, especially from the marginal
areas of the vertebrae. Furthermore, on the Bland—Altman diagram, the authors showed the
presence of a bias related to the selected direction of puncture in that a low BVF provides
similar values, but a higher BVF yields markedly deviating values.

In contrast, the HU measurements on CT appear to be independent of the quadrants,
which makes them more robust for clinical diagnostic investigation in order to obtain a
comprehensive view of bone density.

Knowledge of HU for individual vertebral bodies offers significant advantages in
the surgical treatment of osteoporotic fractures, enabling more precise preoperative risk
assessment. Studies have demonstrated that low HU values (<120-150 HU) indicate
reduced bone density and an increased risk of osteoporosis, allowing for better estimation of
the risks of screw loosening, implant failure, or adjacent fractures [32,33]. This information
can substantially influence operative planning, with consideration given to additional
stabilization measures such as cement augmentation or extended instrumentation in cases
of low HU values [32,34]. Compared with conservative management, HU-based surgical
planning offers the advantage of improved patient selection. Patients with very low HU
values may benefit more from conservative therapy due to increased surgical risks, while
those with sufficient HU values may achieve better functional outcomes through surgical
intervention [35]. Furthermore, preoperative HU measurement can provide insight into
long-term prognosis, as low HU values are associated with an increased risk of adjacent
fractures and poorer clinical outcomes [36]. In conclusion, knowledge of HU values enables
more precise and individualized treatment planning for osteoporotic vertebral fractures. It
can contribute to minimizing complication risks and improving long-term outcomes [37,38].
Compared with purely conservative therapy, this approach offers a more informed basis
for decision-making regarding surgical versus non-surgical management and allows for
better risk stratification [6,39]. The integration of HU measurements into clinical practice
could thus lead to the optimization of treatment strategies for patients with osteoporotic
vertebral fractures [40,41].

Comparison of HU determined on CT and BVF measured on micro-CT shows that
HU is probably more suitable for the demonstration of gender differences, especially in
the cervical, thoracic, and lumbar spine, whereas these differences are not seen clearly
on micro-CT. These data confirm that the HU method might be more suitable for clinical
applications in which the investigator wishes to perform a more detailed assessment of
bone density in various anatomical regions. On the other hand, Parsa et al. [42] performed
a correlation analysis between BVF and HU in 20 mandibles of human cadavers and
noted an excellent correlation. Furthermore, given the high resolution and sensitivity of
the micro-CT investigation with regard to microstructural properties of bone, it permits
a more detailed analysis of trabecular microarchitecture, which makes it valuable for
research applications. Chen et al. [43], as well as Gong et al. [44], report that the central
and anterosuperior regions of the vertebra have a lower bone volume fraction (BVF) than
the posterior region. The spatial distribution of bone density within vertebrae exhibits
significant variations, as demonstrated by Banse and colleagues [45] in their study. Their
findings suggest that the upper and anterior half of the vertebral body tends to have a lower
density. These observations regarding regional variability in microstructure are of great
importance for understanding gender- and age-related changes in bone substance within
the spine. Consideration of structural aspects can contribute to a deeper understanding of
various fracture patterns and risks [46]. Furthermore, microdamage to trabeculae plays a

97



J. Clin. Med. 2025, 14, 1059

non-negligible role in assessing bone strength. These micro-injuries are partly related to a
reduction in bone volume fraction (BVF) [47]. Microdamage in the microarchitecture of
vertebral bodies in osteoporosis refers to small structural defects in the trabecular bone
that accumulate with increasing age and progressive osteoporosis. These microdamages
occur in the form of linear microcracks, diffuse damage, or trabecular microfractures [48].
Understanding these microdamages and their relationship to bone architecture is crucial
for assessing fracture risk and developing strategies to prevent osteoporotic VE.

Future research should be focused on establishing standardized values for bone
density in various anatomical regions and demographic groups and utilize this information
to improve clinical practice and personalized medicine.

The present investigation was conducted to compare two radiological procedures. It
was confined to a case number limited by the existing material. The values obtained with
both procedures for the demonstration of cancellous bone density differed by a power
of ten. The results of subgroup (n < 6) comparisons may be considered exploratory, and
graphic comparisons were used to elucidate the statements. We exclusively used body
donors of advanced age; no statements can be made about the bone structure of younger
body donors. We also had very little medical history data about the donors, especially
about the type and duration of any drug treatment or physical treatment they may have
received for osteoporosis.

5. Conclusions

The present investigation provides more extensive insights into the complex relation-
ship between bone density, gender, fracture status, and methods of measurement than
hitherto known. It underlines the significance of selecting the suitable imaging procedure
and parameters such as sectional planes and quadrants in order to perform an accurate
diagnosis and administer specific treatment for osteoporosis, as well as other associated
bone diseases.

The presented investigation shows that CT, as well as micro-CT, may contribute to a
better understanding of osteoporosis.

A major advantage of the CT investigation is its clinical applicability. HU measure-
ments from routine CT scans can be used as a screening tool for osteoporosis, especially in
patients who undergo CT investigations for other reasons. This would dispense with addi-
tional imaging procedures and radiation. In view of the limited availability of dual-energy
X-ray absorptiometry, this makes CT scans an interesting tool for smaller clinics.
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Abbreviations
Al aluminum
AUC area under the curve
BMD bone mineral density (mg/cm?)
BMI body mass index
BVE bone volume fraction
cm centimeter
CS cervical spine
CT computed tomography
C1-7 cervical vertebra 1-7
DXA dual-energy X-ray absorptiometry
EMM estimated marginal means
Fig. figure
g/cm3 gram/cubic centimeter
GE General Electric
HU Hounsfield units
IBM International Business Machines Corporation
ICC intra-class correlation coefficient
kV kilovolt
L1-5 lumbar vertebra 1-5
LS lumbar spine
mg/ cm? milligram /cubic centimeter
mg/mL milligram /milliliter
Micro-CT  micro-computed tomography
Mio. millions
Ml milliliter
Mm millimeter
or osteoporosis
PMMA polymethylmethacrylat
QI Quadrant I
QII Quadrant IT
QI Quadrant III
QCT quantitative computed tomography
ROC receiver operating characteristic
ROI region of interest
SD standard deviation
TBS trabecular bone structure
Th1-12 thoracic vertebra 1-12
TS thoracic spine
VF vertebral fractures
um micrometer
A microampere
°C degrees Celsius
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Abstract

Background/Objectives: Vitamin D deficiency contributes to pathological vertebral
fragility (path-VF), including fragility fractures and early pedicle screw loosening after
posterior instrumented spinal fusion (PISF). Supplementation practices remain inconsistent.
This retrospective study evaluated whether patients with path-VF receive appropriate
vitamin D3 (Vit.D3) supplementation and assessed the dose-response relationship between
daily intake and path-VF risk, particularly in older adults. Methods: A total of 210 patients
treated with kyphoplasty or PISF (2022-2023) were classified into a path-VF or control
group. Daily oral Vit.D3 intake was categorised as Zero- (0 IU), Low- (<2000 IU), or High-
Dose (>2000 IU). Statistical analyses were performed for each dosage group, including
subgroup analyses for patients aged >67.5 years. Vertebral BMD was estimated using
mean Hounsfield Units (HU) from T11-L5. Results: Patients in the path-VF group received
significantly lower Vit.D3 doses than controls (1431.4 & 1055.7 vs. 2366.7 £ 1186.7 IU/day,
p < 0.001). Low-dose supplementation was associated with a markedly increased risk
of path-VF compared with high-dose in the overall cohort (OR = 6.5, p = 0.003) and in
patients aged >67.5 years (OR = 8.6, p = 0.008). Logistic regression identified a threshold
of 1900 IU/day (AUC = 0.805). Mean vertebral HU values were significantly lower in
the path-VF group than in controls (71.9 & 29.1 vs. 133.5 & 52.6, p < 0.001), and no con-
sistent HU gains were observed with increasing Vit.D3 dosage. Conclusions: Low-dose
Vit.D3 supplementation was associated with increased path-VF risk, especially in patients
aged >67.5 years. Patients without path-VF had received significantly higher doses, sug-
gesting broader benefits of adequate Vit.D3 beyond bone density. A daily intake above
1900 IU may serve as a practical threshold for at-risk elderly patients.

Keywords: vertebral fragility; pedicle screw loosening; ageing population; vitamin D3
supplementation; posterior instrumented spinal fusion; spine surgery

1. Introduction

Vitamin D (Vit.D) deficiency is a well-recognised risk factor for impaired spinal health
and is closely associated with pathological vertebral fragility (path-VF). It increases the risk
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of fragility fractures (FF) [1], delays postoperative recovery and physical rehabilitation [2],
reduces spinal fusion success rates [3], and contributes to implant-related complications
such as early pedicle screw loosening (PSL). Despite its clinical relevance, the risks of
path-VF are often insufficiently assessed in clinical practice prior to posterior instrumented
spinal fusion (PISF). Only 44% of spine surgeons perform preoperative bone mineral
density (BMD) evaluations, and just 12% assess metabolic laboratory parameters, including
25-hydroxyvitamin-D (25(OH)D), parathyroid hormone, and calcium levels [4].

Although the above considerations support the role of Vit.D, perioperative supplemen-
tation in bone surgeries, especially in spine surgery, has shown inconsistent results. Some
study reported improved fusion rates, symptom relief, and recovery despite small sample
sizes [3]. Others, show no clear postoperative benefits and no consistent dose-response
relationship [5,6]. Similar inconsistencies are seen in broader orthopedic research, often
limited by heterogeneous designs and low methodological quality [7,8].

The biomechanical integrity of the vertebrae is maintained through dynamic bone
remodelling, adapting to internal and external influences such as ageing, nutrition, biome-
chanical stress, menopause, chronic inflammatory conditions, and other systemic disor-
ders [9,10]. Disruption of this osteogenic—osteoclastic balance significantly reduces BMD,
predisposing vertebrae to fragility and increasing the risk of path-VF [11]. Vit.D is cru-
cial for bone development and mechanical strength, facilitating calcium and phosphate
metabolism [12,13]. Among available Vit.D supplements, vitamin D3 (Vit.D3) demonstrates
superior efficacy in elevating serum 25(OH)D concentrations compared with vitamin D2
(Vit.D2) [14].

Existing international guidelines for Vit.D3 supplementation in adults vary widely in
both age grouping and dosage and often provide ambiguous recommendations regarding
target populations (typically limited to categories such as infants, children, adults, and
pregnant or lactating women), initiation timing, and optimal dosage. Some countries make
no age distinction for adults, while others introduce multiple age categories but recommend
almost identical adequate intake levels [15-19]. Internationally [15-19], daily doses range
from as low as 9 pug (360 IU) to as high as 100 nug (4000 IU). This discrepancy fosters
subjective decision-making in clinical practice, frequently overlooking certain patient
groups (particularly males) and leading to arbitrary dosing within this broad range.

This study was performed to evaluate Vit.D3 supplementation in spinal surgery
patients and to determine whether those at risk of path-VF (including FF and early PSL
following PISF) receive appropriate supplementation compared with those without such
risk. In addition, this study sought to identify specific cut-off values for age and daily
Vit.D3 dosage that may guide supplementation strategies. The findings may provide
evidence to refine clinical guidelines for Vit.D3 supplementation, with the aim of reducing
the incidence of path-VF and its associated complications in spinal surgery patients.

2. Materials and Methods
2.1. Patients

In this retrospective case—control study, we evaluated 210 patients who underwent
spinal surgical treatments, including balloon kyphoplasty and PISF, in the thoracic and
lumbar regions at a single spine centre between 2022 and 2023.

2.2. Definitions of Path-VF and Early PSL

For this study, the diagnostic criteria for path-VF were based on the framework
established in a previous study [20], with adaptations to the present research context. A
diagnosis of path-VF was considered if any of the following conditions were met, after
histological exclusion of tumour-related fractures:
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(1) cases requiring balloon kyphoplasty for path-VE,

(2) intraoperative use of cement-augmented pedicle screws during the first PISE, or

(3) occurrence of non-traumatic PSL within 6 months after the initial PISF in the absence
of prior screw reinforcement.

The indications for PISF in this study included severe degenerative lumbar stenosis
with instability, idiopathic scoliosis, advanced spondylolisthesis, and de novo lumbar
scoliosis. Patients with spondylodiscitis or spinal tumours were excluded.

Among the available techniques for enhancing screw fixation in osteoporotic vertebrae,
cement augmentation is regarded as the most widely used and effective [21,22]. Therefore,
only cement-augmented screws were used in the present cohort, while other reinforcement
options (e.g., expandable screws, specialised thread designs, or bioactive-coated implants)
were excluded.

The decision to perform screw reinforcement was made by senior spine surgeons
following thorough preoperative assessment. Consistent with earlier findings, early PSL
(<6 months) is predominantly associated with low BMD and reduced bone quality [23],
whereas later PSL (>1 year) is more often related to mechanical overload, adjacent segment
degeneration, suboptimal implant positioning, or chronic low-grade infection [24-26].
Based on these considerations, a 6-month threshold was applied in this study to define
early PSL.

PSL was diagnosed using computed tomography (CT) imaging based on either a
radiolucent rim > 1 mm around the screw or signs of screw pull-out/cut-out [26]. To reduce
radiation exposure and costs, CT was limited to patients with severe symptoms such as
intense localised pain or significant activity restriction [27].

2.3. Grouping

Patients were classified into two cohorts: the path-VF group, comprising individuals
diagnosed with path-VF, and the control group, comprising patients without evidence of
path-VE. Preoperative demographic data, including age, sex, and daily Vit.D3 supplemen-
tation dosage, were recorded for all participants.

2.4. Categorisation of Vit.D3 Dosage

Data on vitamin D supplementation were retrieved from general practitioner medica-
tion records or, when unavailable, collected during preoperative patient interviews.

To assess the impact of daily Vit.D3 intake, patients were categorised into three dosage
groups: Zero-Dose (0 IU/day), Low-Dose (<2000 IU/day), and High-Dose (>2000 IU/day).
Patients whose Vit.D3 supplementation dosage changed between the PISF and the 6-month
follow-up were excluded from the analysis.

Based on our previous study [20], which identified 67.5 years as the optimal age
threshold for predicting path-VF risk, analyses were performed for the overall cohort and
further stratified into subgroups above and below this threshold to examine the relationship
between Vit.D3 intake and path-VF risk.

2.5. Measurement of Vertebral Hounsfield Units (HU)

To validate the definition of path-VF used in this study and to confirm the robustness of
the subsequent grouping, vertebral bone quality was assessed using preoperative CT-based
HU measurements. Among the 210 patients, only 8 had dual-energy X-ray absorptiom-
etry (DEXA) results available before surgery. Preoperative lumbar spine CT scans were
retrospectively evaluated in 88 patients. HU values were measured from Th11 to L5 using
elliptical region of interest placed in the cancellous bone between the upper and middle
thirds of each vertebral body, excluding cortical areas. Regions containing vascular struc-
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tures, Schmorl’s nodes, sclerosis, or tumorous changes were excluded. For each patient, the
mean HU value from Th11 to L5 was calculated and used in subsequent analyses.

2.6. Statistical Analysis

All statistical analyses were conducted using R software version 4.4.1, 14 June 2024
(The R Foundation for Statistical Computing, Vienna, Austria). Continuous variables
are reported as mean =+ standard deviation, and statistical significance was defined as a
two-tailed p-value of <0.05.

To compare means of numeric variables, the data normality was assessed previously
using the Shapiro-Wilk test and Kolmogorov-Smirnov test, and variance homogeneity was
verified using Levene’s test and the F-test. Due to non-normality, variance inhomogeneity,
or limited sample size, group comparisons for age, daily Vit.D3 dosage, and HU values
were performed using the Mann-Whitney U test. Effect sizes were reported as rank-
biserial correlation coefficients (r), with r > 0.3 and r > 0.5 interpreted as medium and large
effects, respectively.

Associations between Vit.D3 dosage categories and the risk of path-VF or path-VF
with early PSL were examined using Fisher’s exact test, yielding odds ratios (ORs) with
corresponding 95% confidence intervals (Cls).

To further explore potential predictors, multiple logistic regression was performed,
incorporating sex, age, and Vit.D3 dosage categories (Zero-, Low-, and High-Dose) as
independent variables. Multicollinearity among predictors was evaluated using variance
inflation factors (VIF). A VIF < 5 was considered acceptable. Receiver operating character-
istic (ROC) curve analysis was used to identify potential dosage thresholds, with an area
under the curve (AUC) of >0.8 interpreted as indicating excellent discriminative ability.

3. Results
3.1. Demographics of the Study Cohort

The study cohort comprised 210 patients with a mean age of 67.5 years (range
18.5-87.9 years), including 80 males and 130 females. Of these, 84 patients were classified
into the path-VF group and 126 into the control group. Osteoporosis was pre-diagnosed in
42 patients using DEXA or quantitative CT, of whom 13 did not take Vit.D3, 20 received
alow dose, and 9 received a high dose. In total, 53 patients in the cohort received Vit.D3
supplementation at varying doses. Detailed demographic characteristics are summarised
in Table 1.

Table 1. Demographics of the involved patients.

Age (Years)
n Min. Mean Max. SD

Total 210 185 675 879 154
Male 80 185 639 876 179
Female 130 231 69.7 879 131

Path-VF group 84 530 753 879 9.0
Male 22 530 740 87.0 10.6
Female 62 520 758 87.0 85

Control group 126 185 622 87.6 165
Male 58 185 60.0 87.0 187
Female 68 23.0 641 860 142

Zero Vit.D3-Suplement (0 IU/Day) 157 185 65.1 874 16.1

Low Vit.D3-Suplement (<2000 IU/Day) 33 53.0 754 877 92

High Vit.D3-Suplement (>2000 IU/Day) 20 524 731 879 112

Diagnosed Osteoporosis 42 530 762 879 82
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Table 1. Cont.

Age (Years)
n Min. Mean Max. SD

Osteoporosis with zero Vit.D3-Suplement 13 63.0 735 852 68

Osteoporosis with low Vit.D3-Suplement 20 530 777 868 9.1

Osteoporosis with high Vit.D3-Suplement 9 685 790 879 79
Patients with Hounsfield units Value 88 319 693 877 127

Path-VF: pathological vertebral fragility, SD: Standard deviation.

3.2. HU Values in the Path-VF and Control Groups

As expected, HU measurements confirmed the validity of the applied path-VF def-
inition and the derived grouping. The path-VF group showed significantly lower mean
vertebral HU values than did the control group (71.9 £ 29.1 vs. 133.5 &+ 52.6, p < 0.001,
r =0.61), consistent with reduced bone quality in patients meeting the path-VF criteria.

3.3. Differences in Daily Doses of Vit.D3 Between the Path-VF and Control Groups

Oral daily Vit.D3 supplementation doses were compared between the path-VF and
control groups using the Mann-Whitney U test. Patients in the path-VF group received
significantly lower daily doses than those in the control group (Table 2).

Table 2. Vit.D3 Doses in At-risk and Without-risk groups.

n Mean SD p r
Path-VF group 35 1431.4 1055.7 <0.001 *** 0.36
Control group 18 2366.7 1186.7

SD: standard deviation, *** p < 0.001.

Figure 1 illustrates the age distribution of Vit.D3 supplementation. Patients without
Vit.D3 supplementation and without path-VF risk were spread across all age ranges. By
contrast, those not receiving Vit.D3 but meeting the path-VF criteria for FF or early PSL were
mainly observed from approximately 50 years of age onwards. The previously established
age threshold for path-VF risk (67.5 years) [20] is indicated by a vertical dashed line. Among
patients receiving Vit.D3, daily doses below 2000 IU were predominantly found in the
path-VF group, particularly in individuals above the 67.5-year threshold. By comparison,
only 6 of 33 patients in the control group fell into this low-dose category. Conversely, most
patients receiving > 2000 IU/day (12 of 20) were in the control group and showed no
path-VF risk.

3.4. ORs of Oral Vit.D3 Dosages for Path-VF Risk

ORs for different oral Vit.D3 dosage categories and path-VF risk were calculated for
the overall cohort (n = 210) and for the subgroup of patients aged >67.5 years (Figure 2),
with diagnosed osteoporosis serving as a positive control.

As expected, osteoporosis was significantly associated with increased path-VF risk
in both the overall cohort (OR: 14.8, 95% CI [5.7-45.7], p < 0.001) and the older subgroup
(OR: 6.4, 95% CI [2.3-20.9], p < 0.001). The Vit.D3 dosage showed similar patterns in both
analyses. Compared with patients taking Low-Dose Vit.D3, those in the Zero-Dose category
had a significantly lower path-VF risk in the overall cohort (OR: 0.10, 95% CI [0.03-0.27],
p < 0.001) and in the older subgroup (OR: 0.11, 95% CI [0.02-0.43], p < 0.001). This apparent
lower risk in the Zero-Dose group than in the Low-Dose group will be further considered
in the Discussion. Low-Dose supplementation was associated with a significantly higher
path-VF risk than was High-Dose supplementation (overall OR: 6.5, 95% CI [1.6-28.9],
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Vitamin D (VitD)

p = 0.003; older subgroup OR: 8.6, 95% CI [1.6-64.2], p = 0.008). Zero-Dose versus High-
Dose showed no significant association with path-VF (OR not different from 1; both
p-values > 0.05).

6000 :
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Control (n): 4 | Control (n): 8
|
Path-VF age threshold: 67.5 years # :
|
4000 |
|
|
A
A AA v.#.»MAAA:: oo
|
2000 !
Low Dose I Low Dose
Path-VF (n): 3 | Path-VF (n): 24
Control (n): 3 i Control (n): 3
Fay A& | OB OO o
) | ) X
|
0| Zero Dose cona@bon  0oo0 comTrana Zero Dose
Path-VF (n): 14 2A AAA A A D0 BN B0 SEMNIONOMIN AXOBN NS Path-VF (n): 35
Control (n): 69 1 Control (n): 39
0 25 50 75 100
Age

Figure 1. Distribution of daily vitamin D3 supplementation by age group and dosage category.
Each dot represents an individual patient, with red circles indicating patients in the path-VF group
and blue triangles indicating controls. The vertical dashed line marks the path-VF age threshold at
67.5 years. Vitamin D3 supplementation is categorized into Zero Dose (0 IU/day), Low Dose
(<2000 IU/day), and High Dose (>2000 IU/day). Numbers of patients per subgroup are indicated
for both path-VF and control groups.

All age: OR=1! OR 95%CI p
Osteoporose ., —e— 14.8 5.745.7 <0.001
Zero-Dose vs. Low-Dose —— | 0.10 0.03-0.27 <0.001
Zero-Dose vs. High-Dose — e 0.7 0.24-2.05 0.45

Low-Dose vs. High-Dose —— 6.5 1.6-28.9 0.003
Age > 67.5 years old:
Osteoporose > 67.5 —— 6.4 2.3-20.9 <0.001

Zero-Dose vs. Low-Dose > 67.5 | —e— 0.11 0.02-0.43 <0.001
Zero-Dose vs. High-Dose > 67.5 —— 1.0 0.29-3.70 1.00

Low-Dose vs. High-Dose > 67.5 E —e—— 8.6 1.6-64.2 0.008
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Odds Ratio (log10 scale, 95% Cl)
Figure 2. Forest plot of odds ratios (ORs) for path-VF risk across Vit.D3 dosage groups. ORs with 95%
confidence intervals and p-values are shown for comparisons among Zero-, Low-, and High-Dose
vitamin D3 groups in the overall cohort and in patients aged over 67.5 years. ORs are displayed on a
log scale.

Multiple logistic regression analysis assessed the associations between path-VF occur-
rence and age, sex, and daily Vit.D3 dosage (Zero-, Low-, and High-Dose). All predictors
showed VIF values close to 1 (range: 1.00-1.07), indicating no evidence of multicollinearity.
As shown in Table 3, female sex was positively but not significantly associated with path-VF
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risk (8 = 0.64, p > 0.05). Higher daily Vit.D3 dosage was linked to a small yet statistically
significant reduction in path-VF occurrence (8 = —0.001, p = 0.018). Increasing age was
significantly associated with elevated path-VF risk (§ = 0.08, p = 0.031). ROC analysis
for daily Vit.D3 dosage identified a threshold of 1900 IU/day, yielding an AUC of 0.805
(Figure 3), indicating good predictive accuracy.

Table 3. Multiple logistic regression.

B SE B z P
(Intercept) —4.34 2.94 —1.48 0.139
Gender 0.64 0.92 0.69 0.490
VitD3Dose  —0.001 0.0004 237 0.018 *
Age 0.08 0.04 2.15 0.031 *

SE: standard error, * p < 0.05.

1.00
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0.75

AUC =0.805
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0.25
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Figure 3. ROC curve identifying 1900 IU/day as the threshold of daily Vit.D3 intake for predicting
path-VF (AUC = 0.805).

3.5. Effects of Different Vit.D3 Daily Doses on HU Values

Firstly, HU values in the path-VF group were significantly lower than in the control
group (p < 0.001) (Figure 4A). The violin plots show that HU values for path-VF patients
were concentrated below 100, whereas control patients displayed a broader distribution
towards higher values. By contrast, patient age showed the opposite pattern (Figure 4B),
with those in the path-VF group being older (74.6 £ 9.1 years) than those in the control
group (63.7 £ 13.7 years, p < 0.001, r = 0.42).

We next examined the relationship between Vit.D3 dosage, HU values, and age. Mean
HU values (Figure 5A) were 86.3 &+ 37.9 (High-Dose, n = 11), 71.4 £ 27.4 (Low-Dose,
n = 16), and 112.9 £ 55.7 (Zero-Dose, n = 61), with a statistically significant difference
observed only between the Low-Dose and Zero-Dose groups (p = 0.004, r = 0.55). Cor-
responding mean ages (Figure 5B) were 70.3 &+ 10.9, 76.9 & 9.2, and 67.1 £ 13.2 years,
respectively, with a significant difference again between the Low-Dose and Zero-Dose
groups (p = 0.006, r = 0.53). All comparisons involving the High-Dose group showed no
statistically significant differences, with small effect sizes (r < 0.3), suggesting that the
limited sample size may have contributed to the lack of significance.
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Figure 4. Violin plots comparing (A) vertebral HU values and (B) patient age between the control and
path-VF groups. The path-VF group exhibited significantly lower HU and higher age (*** p < 0.001).
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Figure 5. Violin plots comparing (A) vertebral HU values and (B) age among the High-, Low-, and
Zero-Dose Vit.D3 groups. The Low-Dose group showed significantly lower HU and higher age than
the Zero-Dose group (** p < 0.01), while comparisons involving the High-Dose group did not reach
statistical significance.

4. Discussion

Vit.D is a fat-soluble vitamin that plays a central role in regulating calcium, magnesium,
and phosphorus metabolism. Serum 25(OH)D measurement is the standard method
for assessing Vit.D status, with concentrations above 30 ng/mL generally regarded as
sufficient [28]. Ageing, menopause, and reduced outdoor activity further exacerbate
chronic Vit.D deficiency [29], increasing the risk of osteoporosis, path-VF with associated
FF, and postoperative complications following instrumented spinal fusion [3].

4.1. Clinical Relevance in Spinal Surgery

In spinal surgery, Vit.D inadequacy is defined as serum 25(OH)D levels of 20-30 ng/mL,
and deficiency as levels of <20 ng/mL [30]. While approximately 30% of the general popu-
lation have levels below 20 ng/mL [31], the prevalence is markedly higher among patients
requiring surgical treatment, with up to 73.6% for levels below 30 ng/mL and 36.8% for
levels below 20 ng/mL [32]. Deficiency is linked to worse preoperative symptom severity,
reflected in higher Japanese Orthopaedic Association, visual analogue scale, and Oswestry
Disability Index (ODI) scores [28,33,34]. It is also associated with poorer postoperative
recovery [2,35], longer fusion times [36], and lower fusion success rates [3].

Perioperative Vit.D3 supplementation has shown potential benefits in symptom relief
and functional recovery, yet existing studies remain inconsistent regarding optimal dosage,
timing, and patient selection [8]. Ko et al. used intramuscular injections of 100,000 ITU
perioperatively without specifying frequency [35], while Xu et al. observed improved
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fusion rates and reduced ODI scores after PISF, though without clear details on dosage or
duration [37]. Waikakul et al. administered 600 IU/day of Vit.D2 for 10 days followed by
600 IU/day of Vit.D3 for maintenance in failed back surgery syndrome, noting symptomatic
improvement despite the small sample size [33]. A meta-analysis reported no benefit
for fractures, falls, or BMD, with no difference observed between doses above or below
800 IU/day [38]. These mixed findings align with broader orthopedic literature, where
Vit.D3 supplementation shows limited or inconsistent effects on fracture healing and
clinical outcomes, with positive results often linked to lower-quality studies or lacking
dose-response clarity [6-8].

4.2. Global Variability and Clinical Uncertainty

International guidelines for Vit.D3 supplementation differ substantially in both dosage
and age-group definitions. Some make no age distinctions, while others define multiple age
brackets but recommend nearly identical adequate intake levels. Across all guidelines, the
gap between the adequate intake and the upper level of intake (4000 IU/day) remains large.
This complicates clinical decisions, particularly for spinal surgeons managing patients
at risk of path-VE For example, the United States recommends 600 IU/day for adults
aged 19-70 years and 800 IU/day for those aged >71 years [15]. The European Food
Safety Authority advises 600 IU/day for all adults and sets an upper level of intake of
4000 IU/day, while the German osteoporosis S3 guideline recommends 800 IU/day, advis-
ing against exceeding 2000—4000 IU/day [16,17]. The UK sets a range of 400-4000 IU/day
for all adults without age subdivision [18]. South Korea recommends 400 IU/day for
adults aged 19-49 years and 600 IU/day for those aged >50 years, with an upper limit of
4000 IU/day [19]. Japan recommends 360-4000 IU/day for all adults, subdivided into
multiple age categories [39]. Such variability fosters subjective prescribing practices and
underscores the lack of evidence-based dosing thresholds, a concern that is particularly
relevant for spinal surgery patients.

4.3. Dose—Response Relationship in the Present Study

In this study, daily Vit.D3 intake showed a clear dose-response association with the risk
of path-VE. Patients receiving supplementation at the lower end of guideline-recommended
ranges had a substantially higher risk of path-VE. Consistent with this, patients in the
path-VF group had significantly lower daily doses than those in the control group, with
median values of 1431.4 IU versus 2366.7 IU, respectively (Table 2). This elevated risk for
the Low-Dose group was evident in both the overall cohort and among patients above the
identified age threshold of 67.5 years, with ORs indicating several-fold differences. The
age distribution of supplementation in our cohort supports this interpretation because
most patients in the path-VF group received around 1000 IU/day or less, particularly those
above the threshold age, whereas higher-dose supplementation was more common among
controls without path-VF. Based on this pattern, multiple logistic regression identified
a threshold of approximately 1900 IU/day. One possible explanation is selection bias
in supplementation practices; clinicians may preferentially initiate Vit.D3 at low doses
without timely adjustment according to changes in the patient’s condition or individual
needs.

The consistent dose-response trend indicates that low-dose regimens may be in-
adequate for high-risk patients. Doses above the threshold may help reduce vertebral
fragility—related complications. However, as the identified threshold of approximately
1900 IU/day is based on retrospective data, prospective studies are needed to validate its
clinical significance. Results from the High-Dose group should also be interpreted with
caution, as the low rank-biserial correlation coefficients (r < 0.3) reflect limited statistical
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power due to small sample size. Additionally, the unexpectedly lower risk observed in the
Zero-Dose group warrants careful interpretation and will be addressed separately.

4.4. Interpretation of Zero-Dose Patient Outcomes

The observed ORs below 1 in the Zero-Dose group should be interpreted cautiously
and are unlikely to reflect a true protective effect of no supplementation. A more likely
explanation is ‘healthy user’ bias, where these patients may have better bone quality, fewer
comorbidities, or higher physical activity, even at older ages [40,41].

Structural changes associated with ageing, such as Modic changes, endplate sclerosis,
and intervertebral osteophyte fusion, may also contribute to increased vertebral stiffness
and improved screw stability. Wagnac et al. demonstrated that large osteophytes can
enhance vertebral rigidity and reduce fracture susceptibility [42], while Modic-related
sclerosis has been shown to increase HU values and prevent cage subsidence [43,44].

The benefit in the Zero-Dose group likely reflects selection bias and structural adapta-
tions, though this remains speculative without objective health data.

4.5. Effect of Vit.D3 on HU Values of Vertebrae

At this stage of the analysis, we further explored whether the increased risk observed
in the Low-Dose group could be explained by lower vertebral BMD assessed through HU
measurements, and whether HU values differed systematically across the three dosage
categories (Zero, Low, High). As expected, HU values were significantly lower in patients
with path-VF than in controls, confirming their role as a surrogate marker of bone fragility
and screw stability [45].

When analysing HU values across dosage categories, we observed that patients receiv-
ing Low-Dose Vit.D3 indeed showed lower HU values and were older than those without
supplementation, whereas patients on High-Dose Vit.D3 displayed intermediate HU values
without statistical significance. This finding is consistent with earlier clinical trials showing
that low daily doses of Vit.D3, typically below 800-1000 IU, fail to improve BMD at the
lumbar spine or hip [38,46], and that even moderate doses around 900 IU did not yield
significant BMD increases in postmenopausal women [47,48].

These results suggest that while low-dose supplementation may be insufficient to
counteract age-related BMD decline, higher doses do not necessarily translate into mea-
surable HU gains either. The significant difference in Vit.D3 intake between path-VF and
control groups (Table 2) therefore indicates that the observed clinical association is more
closely related to overall dose adequacy. The apparent benefit of sufficient supplementation
is likely to involve additional mechanisms beyond direct increases in vertebral BMD, such
as modulation of bone metabolism, muscle function, or inflammatory pathways.

4.6. Potential Mechanisms of Vit.D in Preventing Path-VF Risk

The protective association of Vit.D3 observed in this study is unlikely to be mediated
solely through increases in vertebral BMD. Instead, several additional biological mecha-
nisms may contribute to the reduced path-VF risk. Beyond its established skeletal effects,
Vit.D is involved in diverse physiological processes, including immune regulation, cardio-
vascular function, endocrine balance, and metabolic pathways. It has also been reported to
alleviate pain, improve mood, and influence recovery after surgery [49].

One important pathway is through muscle function. Vit.D enhances muscle strength
and balance, thereby lowering fall risk, a key determinant of fracture occurrence. This
effect is mediated by Vit.D receptors in muscle cells, which regulate protein synthesis
and calcium uptake [50]. Age-related declines in Vit.D receptor expression may precede
structural bone changes, but Vit.D-related muscle weakness (hypovitaminosis D myopathy)
can be reversed with adequate supplementation [51]. Clinical evidence supports this
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indirect protective effect, with studies showing that Vit.D supplementation reduces fall
rates in older adults [52].

Vit.D also modulates parathyroid hormone activity, which is central to bone
metabolism. Persistent Vit.D deficiency can lead to secondary hyperparathyroidism, caus-
ing elevated bone turnover and cortical bone loss. Pfeifer et al. demonstrated that Vit.D3
combined with calcium supplementation reduces parathyroid hormone levels in elderly
women and improves balance, thereby decreasing fracture risk [53].

Finally, Vit.D exerts immunomodulatory and anti-inflammatory effects. It reduces
circulating proinflammatory cytokines such as interleukin-6, interleukin-8, and tumour
necrosis factor, which are known to impair bone homeostasis and hinder surgical recov-
ery [54]. AlGhamdi et al. showed that high-dose monthly Vit.D3 administration (80,000 IU,
approximately 2666 IU/day) significantly decreased these cytokines [55]. Such effects may
not only contribute to fracture prevention but also enhance postoperative recovery and
reduce complications such as cage subsidence or PSL after spinal procedures.

Taken together, these pleiotropic actions of Vit.D3 reinforce its clinical relevance in
spinal surgery patients, particularly when direct improvements in vertebral bone density
are not consistently measurable.

5. Limitations

This study has several limitations. First, its retrospective design limits the ability to
establish causality between Vit.D3 dosage and path-VF occurrence. Second, serum 25(OH)D
levels were not routinely assessed, preventing correlation analyses between measured Vit.D
status and clinical outcomes. Third, the sample size in the High-Dose group was relatively
small, which may have reduced the statistical power to detect significant associations.

Finally, other confounding factors, such as comorbidities, nutritional status, or physical
activity levels, were not systematically controlled and may have influenced the observed
relationships. In particular, the absence of objective health-status indicators introduces a
potential ‘healthy user’ bias in the Zero-Dose group, meaning that their apparently lower
risk may partly reflect better baseline physiological reserve rather than a true protective
effect of no supplementation.

6. Conclusions

This study found a clear dose-response relationship between daily Vit.D3 intake
and path-VF risk. Patients with path-VF received significantly lower Vit.D3 doses than
controls. The elevated risk observed in the Low-Dose group, particularly in those over
67.5 years, suggests that commonly recommended minimum doses may not provide
sufficient protection. A threshold of approximately 1900 IU/day may be relevant for risk
reduction in elderly patients.

These effects are unlikely to result solely from improvements in BMD but may instead
reflect broader physiological benefits of adequate Vit.D3 availability, including contribu-
tions to muscle strength, metabolic balance, and reduced inflammation. Overall, these
findings highlight the potential value of tailored Vit.D3 supplementation strategies in spinal
surgery patients at elevated risk of vertebral fragility. Further prospective studies with
larger cohorts and systematic monitoring of serum 25(OH)D levels are needed to define
and validate clinically relevant dosing thresholds.
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Abbreviations

The following abbreviations are used in this manuscript:

25(OH)D  25-hydroxyvitamin-D

AUC Area under the curve

BMD Bone mineral density

CI Confidence intervals

CT Computed tomography

DEXA Dual-energy X-ray absorptiometry
FF Fragility fractures

HU Hounsfield units

ODI Oswestry disability index

OR Odds Ratio

Path-VF  Pathological vertebral fragility

PISF Posterior instrumented spinal fusion
PSL Pedicle screw loosening

ROC Receiver operating characteristic curve
SD Standard deviation

SE Standard error

VF Vertebral fragility

VIF Variance inflation factors

Vit.D Vitamin D

Vit.D2 Vitamin D2
Vit.D3 Vitamin D3
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Abstract

Background/Objectives: Pathological vertebral fragility (path-VF) increases the risk of
osteoporotic fractures and pedicle screw loosening (PSL) after posterior instrumented
spinal fusion (PISF). While WHO body mass index (BMI) categories broadly identify risks
related to underweight and obesity, fixed thresholds may inadequately reflect vertebral
fragility risks among elderly patients, especially within the normal-weight range. This
study investigates whether current BMI classifications sufficiently capture the risk of
path-VF in older adults. Methods: This retrospective study included 225 patients who
underwent kyphoplasty or PISF (2022-2023). Path-VF was defined by non-tumorous
fractures, screw reinforcement, or PSL within six months without prior reinforcement.
Patients were grouped into the path-VF (n = 94) and control (n = 131) groups. HU and
BMI values, BMI-related ORs, and age trends were analysed, and a logistic regression
was performed. Results: Mean HU values were significantly lower in the path-VF group
(71.37 £ 30.50) than in controls (130.35 £ 52.53, p < 0.001). Path-VF females (26.26 + 5.38)
had a lower BMI than the control females (29.33 + 5.98, p = 0.002); no difference was
found in males. Normal-weight females showed a borderline risk for path-VF (OR 2.03,
p = 0.0495). Obesity (ORpale 0.31/ORfemale 0.37) and being male and overweight (OR 0.21)
were protective (all p < 0.05). BMI declined with age in path-VF males (p = 0.001) but
increased in the controls (p = 0.023). A logistic regression identified a BMI < 22.5 kg/m?
and age > 67.5 years as significant risk thresholds. Notably, 20.2% of path-VF patients over
67.5 had a normal weight, suggesting a potentially overlooked subgroup. Conclusions:
The current WHO lower limit for normal BMI (18.5 kg/m?) may underestimate the risk
of path-VF in patients older than 67.5 years, potentially overlooking 24.7% of cases. The
results offer a new approach for clinicians to interpret BMI values at the lower end of the
normal range (<22.5 kg/m?) with caution in elderly patients undergoing spinal surgery.

Keywords: vertebral fragility; pedicle screw loosening; ageing population; body mass
index (BMI); posterior instrumented spinal fusion; spine surgery
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1. Introduction

Vertebral fragility (VF), characterised by reduced vertebral strength [1], significantly
increases the risk of pathological fractures and early pedicle screw loosening (PSL) fol-
lowing posterior instrumented spinal fusion (PISF), even under normal physiological
loading conditions [2]. VE, closely linked to osteoporosis and osteoporotic fractures [3],
may progress asymptomatically and is influenced by multiple factors, including advanced
age, obesity, previous fragility fractures, and anti-osteoporosis medications [4].

Successful outcomes after thoracic and lumbar PISF depend largely on vertebral
biomechanics and patient-related factors, such as age, gender, nutrition, lifestyle, and body
mass index (BMI) [5-7]. Although bone density measurement is standard for assessing
VE it is frequently omitted during preoperative planning [8]. Instead, the World Health
Organisation (WHO) BMI classification is commonly applied to broadly evaluate nutritional
status and surgical risk [9].

In spinal surgery, obesity and overweight status increase risks for conditions, such
as spondylitis [10], and negatively impact outcomes by prolonging surgery duration,
increasing blood loss, infection rates, and delayed healing [11-13]. Similarly, underweight
patients often face complications related to malnutrition, poor bone quality, and reduced
muscle mass, elevating the risk of hardware failure and impaired recovery [6,14,15]. Poor
BMD, common among underweight individuals, also diminishes bone anchoring capacity
and increases fracture susceptibility [16-18].

However, limited research has evaluated whether WHO BMI categories reliably pre-
dict postoperative complications specifically in ageing populations. Winter et al. [19]
reported significantly increased mortality in elderly individuals (aged > 65) at a BMI <
23, while an elevated mortality among obese elderly individuals was seen only above a
BMI of 33. Such findings raise questions about whether static BMI thresholds adequately
reflect the nuanced health risks in elderly spinal surgery patients, particularly regarding
pathological vertebral fragility.

To our knowledge, no prior research has specifically investigated whether the current
WHO BMI classification accurately reflects the risk of pathological vertebral fragility (path-
VE) in elderly patients, particularly whether a BMI within the ‘normal weight’ range of 18.5
to 24.9 kg/m? truly indicates no elevated risk. This study aims to address this gap.

2. Materials and Methods
2.1. Patients

This retrospective case-control study evaluated 225 patients treated at a single spine
centre between 2022 and 2023, all of whom underwent their first balloon kyphoplasty or
posterior instrumented spinal fusion (PISF) of the thoracic or lumbar spine. Preoperative
demographic and BMI data were collected.

2.2. Inclusion and Exclusion Criteria

Inclusion Criteria:
Patients were included in the study if they presented with pathological vertebral

fragility (path-VF), defined by non-tumorous pathological vertebral fractures necessitating
balloon kyphoplasty, the requirement for intraoperative pedicle screw reinforcement during
initial posterior instrumented spinal fusion (PISF), or non-traumatic pedicle screw loosening
(PSL) within six months post-PISF without prior screw reinforcement. Both male and female
patients were eligible, and no age limits were imposed for inclusion; however, while most
participants were adults, individuals under 18 years old were only included if their surgical
indication was severe spinal deformity (idiopathic scoliosis) and they had achieved full
skeletal maturity at the time of surgery.
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The path-VF group was defined based on a shared insufficiency of vertebral strength,
resulting from factors such as low BMD, malnutrition, sarcopenia, and age-related de-
cline [1,20]. The clinical manifestations ranged from fracture and screw reinforcement
to early loosening, and the degree of fragility spanned from osteopenia to established
osteoporosis, reflecting a spectrum of severity.

Surgical indications for PISF included the following:

(1) Severe degenerative spinal stenosis with instability;
(2) Idiopathic scoliosis;

(3) Spondylolisthesis;

(4) De novo lumbar scoliosis.

Exclusion Criteria:

Patients were excluded from the study if they had clinically suspected or confirmed
spondylodiscitis, or if they presented with primary spinal tumours or spinal metastases
originating from other malignancies.

2.3. Methodological Details of Screw Augmentation and Loosening Diagnosis

In this study, only cement-augmented screws were utilized, as this is the most estab-
lished method for screw reinforcement; other techniques, such as expandable screws or
bioactive coatings, were not included [21,22]. While subjective assessment might miss up
to 31% of screws requiring augmentation in cases of low BMD, no overtreatment occurred
in vertebrae with normal BMD, suggesting a low risk of overlooking true fragility [8]. A
six-month threshold was applied to identify PSL related to bone fragility, thereby excluding
later cases more likely attributable to mechanical overload or infection [23]. The diagnosis
of PSL was confirmed via CT scans demonstrating a radiolucent rim greater than 1 mm
or evidence of screw pull-out/cutting out [24]; these scans were performed only when
postoperative symptoms, such as severe pain or limited mobility, indicated potential com-
plications [25]. Finally, screw length was selected to reach the anterior third of the vertebral
body without cortical breach, and the diameter was chosen to match the pedicle size for
optimal fixation.

2.4. Measurement of Vertebral Hounsfield Unit (HU) Values

Given the strong correlation between vertebral HU values, BMD, and pedicle screw
fixation stability [2,26], we retrospectively analysed mean HU values from vertebrae T11
to L5 on preoperative lumbar CT scans in 99 patients to validate risk grouping relative
to bone quality. HU values were measured in elliptical regions of cancellous bone at the
cephalad (middle) junction of each vertebral body from T11 to L5, excluding cortical bone,
vascular tissue, Schmorl’s nodes, cystic changes, severe endplate sclerosis, fractures, and
tumours. Mean values across T11-L5 were utilised for statistical analysis.

2.5. Grouping and BMI Categories

Patients were classified into two groups: the path-VF group and those without (control
group). According to the WHO BMI criteria, patients were divided into four weight
categories: underweight (BMI < 18.5 kg/m?), normal weight (BMI 18.5-24.9 kg/m?),
overweight (BMI 25.0-29.9 kg / m?), and obese (BMI > 30 kg/ m?) [9].

2.6. Statistical Analyses

Statistical analyses were performed using R software (version 4.4.1, The R Founda-
tion for Statistical Computing, Vienna, Austria). Continuous variables are presented as
mean =+ standard deviation (SD), and statistical significance was defined as p < 0.05.
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Student’s t-test or Mann—-Whitney U-test was used to compare age, BMI, and HU
values between path-VF and control groups, depending on normality and variance ho-
mogeneity assessments. The Shapiro-Wilk test and the Kolmogorov—Smirnov test were
used to assess normality, while Levene’s test, Bartlett’s test, and the F-test were applied to
evaluate homogeneity of variances. Effect sizes were assessed using Cohen’s d (d) for f-tests
and rank-biserial correlation coefficient (r) for U-test. Thresholds for medium and large
effects were set at >0.5 and >0.8 for 4 and >0.3 and >0.5 for r, respectively. Fisher’s exact
test calculated odds ratios (ORs) with 95% confidence intervals (CIs) for BMI categories
associated with the occurrence of path-VF. Pearson’s correlation test (coefficient: r,) and
Fisher’s Z-test (coefficient Cohen’s g: q) were used to examine BMI-age correlations be-
tween the path-VF and control groups. Additionally, binary logistic regression and receiver
operating characteristic (ROC) curve analyses were conducted to evaluate the influence of
gender, age, and BMI on the occurrence of path-VF and to identify threshold values for age
and BMI. The area under the curve (AUC) was interpreted as fair if 0.7 < AUC < 0.8 and
excellent if AUC > 0.8 [27].

2.7. Al Statement

During the preparation of this manuscript, Trinka Al was used to assist with gram-
mar and language editing. The corresponding author reviewed and revised the content
afterward and takes full responsibility for the final version of the manuscript.

3. Results
3.1. Demographics of the Study Cohort

The study cohort consisted of 88 male and 137 female patients with an average age
of 68.11 years (range: 17-92 years). One patient aged 17.28 years was not excluded due
to severe scoliosis and confirmed skeletal maturity at the time of surgery. Treatment was
consistent with adult protocols.

Detailed demographics are shown in Table 1.

Table 1. Demographics of the involved patients.

Age
n Min. Mean Max. SD
Total 225 17 68.11 92 15.16
Male 88 17 65.26 92 17.78
Female 137 23 69.95 87 12.94
The path-VF group 94
Male 26 53 75.72 87.4 9.83
Female 68 52 75.85 87 8.27
The control group 131
Male 62 17 60.00 92 18.57
Female 69 23 64.13 86 14.09
Balloon Kyphoplasty (exclusive tumour) 33 58 78.27 87 8.68
1st PISF with reinforcement 47 53 74.77 86 8.21
1st PISF without reinforcement 141 17 63.38 92 16.25
2nd PISF due to PSL within six months 29 52 71.80 84 9.19

Path-VF: pathological vertebral fragility. PISF: posterior instrumented spinal fusion; PSL: pedicle screw loosening.

Patients in the path-VF group (all aged >50 years) were significantly older than those
in the control group, for both males (p < 0.001, d = 0.90) and females (p < 0.001, d = 1.01).
However, within the path-VF group, no significant age difference was observed between
genders (p > 0.05,d = 0.01).
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The distribution of BMI categories across the path-VF and control groups by gender
is detailed in Table 2. Notably, the number of underweight patients was very small for

both genders.

Table 2. BMI classification by gender and group.

Gender BMI-Classification Control (n) Path-VF (n)  Total (n)
Female Obesity 28 12 40
Overweight 23 26 49
Normal weight 16 29 45
Underweight 2 1 3
Male Obesity 17 6 23
Overweight 28 8 36
Normal weight 16 11 27
Underweight 1 1 2

3.2. Differences in Vertebral HU Values Between the Path-VF and Control Groups

As illustrated in Figure 1, the mean HU value from vertebrae Th11l to L5 was sig-
nificantly lower in the path-VF group (n = 52) compared to the control group (n = 47)
(71.37 £ 30.50 vs. 130.35 £ 52.53, p < 0.001, r = 0.58), indicating reduced vertebral bone

quality among patients with path-VE

* kK

[
300 Control
Path-VF

200

HU Values

100

Control Path-VF

Figure 1. Violin plot of HU values of the path-VF and control groups. Mean + SD, *** p < 0.001.

3.3. BMI Differences and Associations Between the Path-VF and Control Groups

In males, BMI differences between the path-VF (26.47 £ 5.46) and control (28.00 + 4.52)
groups were not significant (p = 0.22, d = 0.32). Conversely, females in the path-VF group
had significantly lower BMIs (26.26 4 5.38) compared to the control group (29.33 & 5.98;
p =0.002, d = 0.54). The BMI distributions in the violin plot (Figure 2) suggest a shift toward
lower BMI ranges in the path-VF group for both genders; however, this difference reached
statistical significance only in females.
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Figure 2. BMI of the path-VF and control groups in males and females. ** p < 0.01.

Obese males showed a significantly reduced risk of developing path-VF, with an OR of
0.31 (95% CI[0.11-0.82], p = 0.024). Being obese and female also demonstrated a protective
effect, with an OR of 0.37 (95% CI[0.18-0.77], p = 0.009). In addition, overweight males
had an even lower risk, with an OR of 0.21 (95% CI [0.09-0.50], p < 0.001). In contrast,
normal-weight females were at significantly higher risk of path-VF, with an OR of 2.03
(95% CI[1.05-3.94], p = 0.0495) (Figure 3).
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Figure 3. OR of BMI categories for the risk of path-V. * p < 0.05, ** p < 0.01, *** p < 0.001.

3.4. Age-Related Distributions of BMI

Furthermore, we explored the distribution trend of BMI in the path-VF and control
groups with increasing age. In females (Figure 4A), no significant BMI-age correlations
were observed (path-VF: r, = —0.05, p = 0.68; control: r, = 0.12, p = 0.33), and no crossover
trend occurred (p = 0.33). Conversely, males (Figure 4B) showed significant BMI-age
trends in the opposite direction: a significantly negative correlation in the path-VF group
(rp = —0.59, p = 0.001) and a positive correlation in the control group (r, = 0.29, p = 0.02),
with a significant crossover effect around age 70 (p < 0.001, g = —0.98).
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Figure 4. BMI distributions of the path-VF and control groups across ages. (A) Female patients;
(B) male patients.

To identify age-specific BMI differences, patients were divided into eight age blocks
for comparison (Figure 5). Females in the path-VF group had a significantly lower BMI
compared to the control group at ages 50-59 (22.80 = 5.12 (n = 3) vs. 31.87 = 6.98 (n = 18),
p <0.001, r = 0.47, 70-79 (25.24 + 4.22 (n = 28) vs. 28.74 + 5.40 (n = 20), p = 0.021, d = 0.74)
and 80+ (26.06 = 4.90 (n = 25) vs. 31.34 £4.91 (n=7), p = 0.031, r = 0.42). In males, a
significantly lower BMI in the path-VF group was observed in the 70-79 (23.26 + 3.60
(n=5)vs. 28.41 +4.21 (n =12), p = 0.018, r = 0.58) and 80+ age blocks (24.46 £ 3.59 (n = 13)
vs. 27.26 £2.63 (n=9), p = 0.048, d = 0.86) compared to the control group.
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Figure 5. BMIs across age blocks of the path-VF and control groups. (A) Female patients; (B) male
patients. * p < 0.05.

3.5. Binary Logistic Regression Analysis

Binary logistic regression analysis (Table 3) showed that age and BMI were significantly
associated with the risk of path-VF. The female gender was associated with a higher risk,
although this was not statistically significant (3 = 0.73, p = 0.054), while a higher BMI was
found to be significantly protective (3 = —0.10, p = 0.03). Being of an advanced age also
considerably increased this risk (3 = 0.41, p < 0.001).

Table 3. Logistic regression for the risk of path-VE.

Predictor: B SEp z Value p
Constant —5.03 1.20 —4.19 2.77 x 1072 #**
Gender (Female) 0.73 0.38 1.93 0.054
Age 0.41 0.08 4.84 1.29 x 1076 **
BMI —0.10 0.04 —2.17 0.03 *

SE: standard error; *: p < 0.05; ***: p < 0.001.
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The ROC analysis (Figure 6) determined thresholds of 67.5 years for age (AUC = 0.804)
and 22.5 kg/m? for BMI (AUC = 0.66). The whole logistic regression model showed
excellent predictive performance (AUC = 0.85).
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0.75
2
[
(+4
Q
2
% 0.50 Model AUC = 0.85
s Age AUC = 0.804
g BMI AUC = 0.66
= BMI Threshold: 22.5
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0.00 0.25 0.50 0.75 1.00

False Positive Rate

Figure 6. ROC curves of the logistic regression model with predictors of age and BMI for the risk of
attending path-VE. AUC: area under the curve.

Ultimately, all 225 patients were plotted on an age versus BMI scatterplot, highlighting
the normal BMI range and thresholds for age and BMI (Figure 7). An ‘overlook zone’
was identified within the normal BMI range, consisting of 19 patients over 67.5 years, all
of whom were in the path-VF group. Notably, no patients from the control group were
found in this zone. These patients accounted for 20.2% (19/94) of the path-VF group and
represented 24.7% (19/77) of all patients older than 67.5 years, emphasising a potential
overlooked risk in ageing patients with a normal BMI.
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Figure 7. Age and BMI distribution highlighting the ‘overlook zone’ for the risk of path-VE. The area
between the horizontal dashed lines represents the WHO-defined normal BMI range (18.5-24.9 kg/m?).
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The solid red line represents the BMI threshold of 22.5 kg/ m?2, and the solid vertical line indicates the
age threshold of 67.5 years. The black frame marks the ‘Overlook Zone’, in which all patients over
67.5 years with a BMI of 18.5-24.9 kg/ m? showed path-VE.

4. Discussion
4.1. Protective Effects of Higher BMI in the Elderly

Recent evidence indicates that the relationship between BMI and health outcomes
exhibits clear age-dependent patterns. Several studies suggest that in older adults, a BMI
classified as “overweight” by WHO standards (>25 kg/m?) may not be detrimental and
can even confer protective effects in specific clinical contexts. For example, Huang et al.,
in a large cohort of hypertensive patients over 45 years of age, found that a BMI of 25 to
29.9 kg/m? was significantly associated with reduced all-cause mortality, whereas under-
weight (BMI < 18.5 kg/ m?) increased early mortality risk [28]. Similarly, a meta-analysis
by Winter et al. reported that in individuals aged > 65 years, a BMI below 22 kg/m? was
associated with higher mortality, a trend not observed in younger populations [29]. Addi-
tionally, a retrospective analysis of 22,903 inpatients found that elderly individuals with
a BMI > 25 kg/m? had a lower in-hospital mortality rate and shorter lengths of stay [30].
Collectively, these findings suggest the need to re-evaluate the clinical interpretation of
BMI in older populations, as the current WHO classification may underestimate the risks
associated with a low BMI and the potential benefits of a higher BMI in ageing individuals.

4.2. Age-Related Decline in Spinal Bone Strength

Secondly, the relationship between ageing and bone strength deterioration is well es-
tablished. Numerous studies have demonstrated that BMD declines progressively with age,
with the spine being particularly susceptible to age-related osteoporotic changes. Kamei
et al. identified age 50 as a critical point for accelerated bone loss in women, particularly
in the thoracic and lumbar regions, indicating an early risk of spinal osteoporosis in this
group [31]. Szulc et al. observed site-specific reductions in BMD among 1040 adult men,
with a significant loss in the lumbar spine. This was particularly evident in individuals
without advanced facet joint arthrosis, supporting the sensitivity of spinal bone loss to
age [32]. Rondanelli et al. found that the prevalence of osteoporosis in the lumbar spine
and hip increased substantially with age. Although BMI was positively correlated with
BMD, this association became weaker in older adults [33]. These findings highlight age as
a key factor influencing osteoporosis and vertebral bone loss.

4.3. Impact of Underweight and Obesity on Spine Surgery Risk

BMI exhibits a U-shaped relationship with surgical outcomes, indicating increased
postoperative complications for both underweight and morbidly obese patients [6,34].

Obese patients are reported at higher risk for postoperative complications, such as
spondylodiscitis [10], surgical site infections, prolonged hospital stays, and increased
readmission rates compared to those with a normal BMI [6,12,35]. Biomechanically, obesity
adds stress to vertebral structures and surgical implants, potentially causing hardware
failure and adjacent-segment degeneration [11]. However, some studies indicate that the
impact of overweight and moderate obesity on spinal surgery outcomes may not always
be significant or consistent [5,36].

On the other hand, recent studies have also highlighted significant risks associated
with underweight in spinal surgery outcomes [15,18]. Underweight patients often face
complications such as delayed wound healing due to malnutrition, increased infection risk,
and slowed postoperative recovery [5]. Additionally, patients with a lower BMI typically
exhibit poorer bone microarchitecture quality, elevating their susceptibility to fractures
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and PSL after PISF [37], thereby negatively impacting both their short-term recovery and
long-term quality of life.

However, these studies mainly applied the standard WHO BMI classification [9],
focusing predominantly on abnormal BMI categories [5,38]. Detailed analyses within the
normal BMI range, which represents 85% of BMI distributions [39], and comprehensive
age-specific evaluations remain lacking, despite conflicting evidence regarding risks at BMI
extremes [18,36,40].

4.4. Rethinking BMI Thresholds in Vertebral Fragility Assessment

In this study, we initially confirmed the validity of our grouping criteria by verifying
significantly lower vertebral HU values in the path-VF group, aligning with previous
reports that HU values are strongly correlated with decreasing BMD and reliably predict
PSL [41].

Notably, our analysis revealed distinct associations between BMI categories and path-
VF risk compared to studies in the existing literature, which generally links abnormal BMI
with increased vertebral fragility risk [5,38,39]. Specifically, we observed an elevated risk
among normal-weight females, contrasting with a protective effect seen in overweight
males and obese individuals. These findings suggest that traditional BMI classification
might inadequately capture the nuanced relationship between body weight and vertebral
health, particularly within the normal-weight range among older adults.

Our further analysis across age cohorts revealed distinct age-BMI patterns between
groups. Specifically, a decreased BMI with an advanced age correlated with an increased
likelihood of path-VF, particularly among elderly males, whereas females consistently
exhibited a lower BMI across age categories. Interestingly, despite lower BMI values in
the path-VF group, the mean BMI consistently remained within the normal-weight range,
implying that standard BMI thresholds may underestimate vertebral fragility risk in elderly
patients. This pattern aligns with the broader geriatric literature, highlighting an elevated
mortality risk associated with a low/normal BMI in older populations [19].

A binary logistic regression reinforced these associations, indicating that an advanced
age and the female gender independently increased the path-VF risk, while a higher BMI
conferred protection specifically regarding path-VE, though not necessarily indicating
overall health benefits. Indeed, overweight and obesity remain well-established risk factors
for numerous perioperative and systemic complications [42]. The protective effect observed
here could be explained by factors such as enhanced mechanical support from increased
body mass and better overall nutritional status, which may contribute positively to bone
quality [43,44].

Finally, our findings suggest a clinically relevant subgroup of elderly patients who,
despite having a normal BMI, are at elevated risk for path-VF and could easily be over-
looked under current WHO guidelines. This highlights the importance of re-evaluating
BMI thresholds or supplementing BMI assessments with additional evaluations for bone
fragility when planning spinal surgeries in older populations.

5. Limitations

This study has several limitations, starting with its single-centre design in one West-ern
European country, which means the findings might reflect specific local surgical practices
and patient profiles, potentially limiting their generalizability to other populations or
healthcare systems. Furthermore, the absence of data on comorbidities, nutritional status,
and various musculoskeletal indicators may have restricted a comprehensive analysis
of all factors contributing to vertebral fragility. Finally, the 22.5 kg/m? BMI threshold,
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though derived from an ethnically diverse single-centre cohort, requires external validation
through larger, population-specific studies to confirm its broader applicability.

6. Conclusions

Our findings suggest that the current WHO-defined lower limit of a normal BMI
(18.5 kg/m?) may be insufficient for assessing the risk of path-VF in patients older than
67.5 years. Relying solely on this threshold may result in the missed identification of
approximately 24.7% of elderly patients at risk of early pedicle screw loosening due to
path-VE. While we do not propose modifying the BMI classification itself, we recommend
that spinal surgeons interpret BMI with greater caution in this population. Even patients
classified as normal weight may require further evaluation for compromised bone integrity
if their BMI lies at the lower end of the normal range.
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Abbreviations

The following abbreviations are used in this manuscript:

PSL Pedicle screw loosening
PISF Posterior instrumented spinal fusion
VF Vertebral fragility

Path-VF  Pathological vertebral fragility
WHO World Health Organization

BMI Body mass index

HU Hounsfield units

OR Odds ratio

BMD Bone mineral density

SD Standard deviation

SE Standard error

CI Confidence intervals

ROC Receiver operating characteristic curve
AUC Area under the curve
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d Cohen’s d

r Rank-biserial correlation coefficient
Tp Pearson’s correlation test coefficient
q Fisher’s Z-test coefficient Cohen’s q
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Abstract

Background/Objectives: Lateral lumbar interbody fusion (LLIF) has gained popularity
as an effective technique for indirect decompression through ligamentotaxis. Despite the
perceived importance of using appropriately sized cages for achieving optimal decompres-
sion, comprehensive reports on cage size and its impact on indirect decompression are
limited. This study aimed to assess the ligamentotaxis effect by measuring the “backward
bulging” length in pre- and postoperative MRIs and examining its correlation with cage
size and subsidence. Methods: T2 images of 270 patients with lumbar herniated disc
and/or lumbar spondylolisthesis (June 2022 to March 2025) were analyzed for 530 interver-
tebral spaces. Data on gender, age, length of hospital stay, preoperative and postoperative
lumbar JOA scores, and the level of the disease were collected. Measurements included
backward bulging length, intervertebral height, and cage subsidence. Statistical analysis
was performed using StatMate. Surgical procedures involved oblique lateral interbody
fusion (OLIF) to minimize impact on the iliopsoas and lumbar plexus. Trial cages starting
from 8 mm were sequentially inserted, with confirmation through lateral fluoroscopy.
Posterior fixation was performed using percutaneous pedicle screws. Results: Analysis
of 530 intervertebral spaces revealed that 70% could accommodate a cage 3 mm or larger
than the preoperative intervertebral height. Significant backward bulging shortening (3
mm or more) occurred in 339 spaces, predominantly with larger cages. Only 8.8% of
cases (14/159) with a large backward bulging shortening had an intervertebral height
extension of 3 mm or less. On the other hand, a large reduction in backward bulging was
observed in 91.3% of cases (339/371) with an intervertebral height extension of 3 mm or
more. Postoperative cage subsidence was observed in 9.2% (49/530) of all intervertebral
spaces and 8.6% (32/371) in spaces where a cage larger than 3 mm was used. There was
no statistically significant difference between these two groups. Conclusions: To achieve
a sufficient ligamentotaxis effect, it is necessary to select a cage size that allows for an
intervertebral height increase of at least 3 mm compared to the preoperative measurement.

Keywords: LLIF; OLIF; ligamentotaxis; indirect decompression; cage subsidence

1. Introduction

Lateral lumber interbody fusion (LLIF) has become popular. LLIF is a surgical tech-
nique that offers advantages in terms of bone fusion rates and infection rates, and enables
anterior fixation while preserving posterior structures such as the paraspinal muscles,
spinous processes, laminae, and facet joints. In addition, indirect decompression by lig-
amentotaxis is effective for spinal stenosis, and it is considered particularly effective for
decompressing pressure on the dural sac from the front, such as in cases of protruded
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hernia or lumbar spondylolisthesis [1-7]. If one were to point out the drawbacks of this
surgical technique, they would include the risk of injury to abdominal organs, such as the
intestines or to the aorta, when performed by surgeons not well versed in the procedure.
Additionally, since anterior fixation of the vertebral body can be achieved without accessing
the spinal canal from the posterior side, a separate posterior skin incision is required if
direct decompression becomes necessary. Furthermore, because anterior fixation is typically
performed in the lateral decubitus position, intraoperative repositioning from lateral to
prone is necessary to perform percutaneous pedicle screw placement. At our institution,
over the past three years, more than 300 cases of this surgical technique have been per-
formed without a single major complication. Indirect decompression by LLIF provides a
decompressive effect by stretching extensible structures such as the intervertebral disc and
the flexible ligamentum flavum. Expanding the intervertebral height is also expected to
have the effect of enlarging the intervertebral foramen. However, despite the belief that
achieving an indirect decompression effect through ligamentotaxis requires the use of an
appropriately sized cage, detailed reports on cage size and the indirect decompression
have been limited [8,9]. Generally, the use of larger cages raises concerns about the risk
of cage subsidence. The objective of this study is to identify the appropriate cage size
and the extent of intervertebral height increase necessary to achieve sufficient indirect
decompression. In this study, the ligamentotaxis effect was estimated by the measurement
of the backward bulging length in MRI, pre- and post-operation. The relationships between
cage size and backward bulging shortening, cage size and cage subsidence were examined.

2. Materials and Methods
2.1. Study Design

This is single-center, retrospective study. Materials are T2 images of 270 patients from
June 2022 to March 2025, and 530 intervertebral spaces with spinal stenosis by herniated
disc or spondylolisthesis. The inclusion criteria consisted of all cases and all interverte-
bral levels in which OLIF was performed for neurological symptoms caused by either
central-type lumbar disc herniation or lumbar spondylolisthesis. Cases in which OLIF was
performed solely for correction of lumbar alignment, such as scoliosis or kyphosis, without
neurological symptoms due to anterior elements (e.g., intervertebral disc or posterior longi-
tudinal ligament) compressing the dural sac, were excluded. The disc herniations included
in this study were all extensive protruded hernias involving medial protrusion, and did
not include paramedian small hernias, such as those treatable by simple herniotomy or
endoscopy. Cases with only mild disc bulging and minimal posterior compression from
discs were also not included in this study. Additionally, cases with sequestration herniation
were not included in this study.

Data on gender, age, length of hospital stay, preoperative and postoperative lumbar
JOA scores [10], and the level of the disease were collected. The present study and data
collection were approved by the ethics committee of the Honjo Neurosurgery and Spine
surgery clinic. StatMate 5 (Nihon 3B Scientific Inc., Niigata, Japan) was used for statistical
analysis. Two-thirds of all surgical cases were performed by the author, while the remaining
one-third was handled by another surgeon. All data collection and analysis was conducted
solely by the author.

2.2. Measurements of Results

The measurement objects were the backward bulging length and the intervertebral
height extension length. The definition for the backward bulging is the maximum posterior
bulging length from the posterior surface of the vertebral body located forward at the level
of the intervertebral disc (Figure 1).
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Figure 1. Definition of the “backward bulging” is posterior bulging length (orange arrow) from the
posterior surface of the vertebral body (yellow line) at the level of the intervertebral disc.

If this backward bulging shortening was larger than 3 mm, we defined it as large
shortening. We also measured the intervertebral height extension and divided it into these
3 groups: less than 3 mm, more than 3 mm, and 4 mm (Figure 2).

Post OPE

Figure 2. This is the schema of the “backward bulging” length measurement. The red arrow
indicates the backward bulging length. We measured the difference between pre- and post-operation
measurements. If this backward bulging shortening exceeded 3 mm, we defined it as significant
shortening. The blue arrow indicates the “intervertebral height”. Post-operation, this height equals
the size of the cage. We also measured the difference as the “intervertebral height extension”. These
measurements were then divided into three groups: less than 3 mm, more than 3 mm, and 4 mm.

The occurrence of cage subsidence and its relationship with cage size were also
investigated postoperatively. The follow-up period ranged from a minimum of 3 months
to a maximum of 24 months. In this study, cases with a subsidence of 1/4 or more of the
cage height were classified as having subsidence. The incidence of cage subsidence was
examined between intervertebral spaces where a cage larger than 3 mm compared to the
preoperative intervertebral height was used and those where it was not used.
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2.3. Surgical Procedures

In order to minimize the impact on the iliopsoas and lumbar plexus, we perform
oblique lateral interbody fusion (OLIF), prepsoaps approach. Set up in the right lateral
decubitus position, muscle dissection and access were performed layer by layer under
direct observation. Reaching the lateral aspect of the intervertebral disc by pulling the
psoas muscle dorsally, a guide wire is inserted into the disc. After confirming through
lateral fluoroscopy that the wire is positioned at near the center of the lateral aspect of the
intervertebral disc, an access device is inserted to expand the surgical field. After clearing
the disc space, trial cages are sequentially inserted, starting from 8 mm, to assess whether
they are in the appropriate position and to confirm the fitting sensation. The cage size was
determined based on the feel during trial cage insertion, ensuring that an appropriate size
was selected without causing undue pressure. After inserting the appropriately sized cage,
each muscle layer is sutured with fascia, and subcutaneous and skin closure is performed,
concluding the lateral decubitus position procedure. Subsequently, a change in position to
the prone position is carried out, and posterior fixation is performed using percutaneous
pedicle screws.

3. Results
3.1. Patient Etiology

Out of 270 patients, 159 were male and 111 were female. The average age was
71.9 years (range 30-90), with a median age of 74 years. The youngest patient was
30 years old, and the oldest was 90 (Table 1). There were 201 cases of extensive pro-
truded hernias involving medial protrusion and 121 cases of spondylolisthesis. In 52 cases,
disc herniation was accompanied by spondylolisthesis at the affected intervertebral level.
Most cases were affected by extensive protruded hernias or spondylolisthesis, leading to
spinal canal stenosis.

Table 1. Patients etiology and Results.

All cases: n 270
Male: female 159:111
Age: average (median, range) 72.0 (74, 30-90)
Cases with extensive protruded hernia: n 201
Cases with spondylolisthesis: n 121
L1/2level: n 2
L2/31evel: n 86
L3/4 level: n 200
L4/5 level: n 238
Hospital stay days: average (median, range) 9.6 (9,4-28)
Preoperative lumbar JOA score: average (median, range) 14.4 (15, 0-27)
Postoperative lumbar JOA score: average (median, range) 23.6 (24, 8-29)
All intervertebral spaces: n 530
>3 mm larger cage inserted: % (n) 70% (371/530)
<3 mm larger cage inserted: % (n) 30% (159/530)
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Table 1. Cont.

Intervertebral spaces with large shortening of the BB length(=3 mm): n 353
>3 mm larger cage inserted: % (n) 96.0% (339/353)
<3 mm larger cage inserted: % (n) 4.0% (14/353)
Large BB shortening rate: % (n)
<3 mm intervertebral height extension 8.8% (14/159)

>3 mm intervertebral height extension

91.3% (339/371)

>4 mm intervertebral height extension

92.0% (229/249)

Cases which required additional direct decompression: % (n) 6.3% (17/270)
Cage subsidence rate of all intervertebral spaces: % (n) 9.2% (49/530)
Cage subsidence rate where >3 mm larger cage was used: % (n) 8.6% (32/371)

Cage subsidence rate where <3 mm larger cage was used: % (n)

10.7% (17/159)

BB: backward bulging.

Regarding the levels involved, there were two cases at L1/2, eighty-six cases at L2/3,
two hundred cases at L3/4, and two hundred thirty-eight cases at L4/5. The average
hospital stay for the cases was 9.6 days. The average preoperative lumbar JOA score was
14.4 (median 15), and it improved to an average of 23.6 (median 24) postoperatively.

3.2. Results of Backward Bulging Shortening and Cage Subsidence

Among all 530 intervertebral spaces, in 371 intervertebral spaces (70%), a cage 3 mm
or larger than the preoperative intervertebral height could be inserted. In the remaining
159 intervertebral spaces (30%), cages of equal or less than 3 mm greater than the preopera-
tive intervertebral height were inserted.

Among all 530 intervertebral spaces, significant shortening of the backward bulging
length (3 mm or more) was observed in 353 intervertebral spaces. Among these,
339 intervertebral spaces were those where a cage 3 mm or larger than the preopera-
tive intervertebral height was inserted. In only 14 intervertebral spaces, cages with a
height less than 3 mm greater than the preoperative intervertebral height were inserted,
but significant shortening of the backward bulging length was observed.

Only 8.8% of cases (14/159) with a large backward bulging shortening had an interver-
tebral height extension of 3 mm or less. On the other hand, a large reduction in backward
bulging was observed in 91.4% of cases (339/371) with an intervertebral height extension
of 3 mm or more, and in 92.0% of cases (229/249) with an intervertebral height extension of
4 mm or more.

These results suggest that the indirect decompression is likely to be obtained by a cage
larger than 3 mm compared to the preoperative intervertebral height (p < 0.05). There was
no statistically significant difference observed between cases using a cage larger by 3 mm
or more compared to preoperative intervertebral height and cases using a cage larger by
4 mm or more.

In total, 17 patients (6.3%) required additional direct decompression in this series. In
14 cases, it was revealed that, in addition to the effects of an extensive protruded hernia or
lumbar spondylolisthesis, there was significant bony lateral recess stenosis and ligamentum
flavum hypertrophy. Therefore, direct decompression was performed simultaneously with
LLIE In three cases, symptoms did not sufficiently improve after LLIF through indirect
decompression, so direct decompression was added. In all three cases, symptoms improved
with direct decompression.
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Postoperative cage subsidence was observed in 9.2% (49/530) of all intervertebral
spaces, 8.6% (32/371) in spaces where a cage larger than 3 mm was used, and 10.7%
(17/159) in spaces where smaller cages (not larger than 3 mm) were utilized. There was no
statistically significant difference between these two groups. Among the cases that exhibited
cage subsidence, there were no instances that required additional direct decompression
after the initial surgery. In two cases, persistent low back pain was observed due to vertebral
compression fractures caused by cage subsidence. Both patients had osteoporosis, with a
young adult mean (YAM) of 70% or lower as measured by DEXA. Among the 107 cases
treated after August 2024, 14 patients (13.1%) were diagnosed with osteoporosis based on
DEXA. Of these fourteen patients, three patients (21.4%4) experienced cage subsidence.

3.3. Two Example of the Cases

Showcasing the measurement results of two representative cases, example case 1
(Figure 3) shows spinal stenosis with disc hernia and kyphosis L2-5. The backward bulging
shortenings are all large (>3 mm) in these three intervertebral spaces (L2-5). Intervertebral
height extension lengths are all quite large (>4 mm).

-
Backward bulgi B) shortening len;

L2/3 3.6Tmm
L3/4 7.83mm large BB shortening (=3mm)
La/5 6.13mm

Inter bral height extension length
pre-ope height cage size extension length
L2/3 4.34 mm 12 mm 7.66 mm
13/4 1.79 mm 12 mm 11.21 mm
L4/5 2.21 mm 12 mm 9.79 mm

Figure 3. Example case 1, spinal stenosis with disc hernia and kyphosis. Backward bulging shortenings
are all large in these 3 intervertebral spaces. Intervertebral height extension lengths are all large.

Example case 2 (Figure 4) reveals spondylolisthesis L4 /5 with disc hernia L3/4. The
backward bulging shortenings are large in L4/5 (>3 mm), but small in L3/4 (<3 mm).
Intervertebral height extension lengths are more than 3 mm.

Backward bulging shortening ‘

L3/4 2.835mm small BB shortening (<3mm)
L4/5  4.56mm — large BB shortening (=3mm)

Intervertebral height extension

pre-ope height cage size extension length
L3/4 8.12mm 12mm 8.88mm
La/s 5.59mm 12mm 6.41mm

Figure 4. Example case 3, spondylolisthesis with disc hernia. Backward bulging shortenings are large
in L 4/5, but small in L3/4. Intervertebral height extension lengths are more than 3 mm.
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4. Discussion

These are multiple factors related to indirect decompression failure. Yngsakmongkol
et al. reported several risk factors [2]. Low postoperative disc height is considered a risk.
Except in cases of cage subsidence, the postoperative intervertebral height usually becomes
the same as the height of the cage. The present results demonstrate that using a cage that
is 3 mm or larger than the original intervertebral height yields a greater ligamentotaxis
effect. By increasing the intervertebral height, soft tissues such as the intervertebral disc
and the posterior longitudinal ligament are stretched vertically, resulting in a reduction
in posterior compression. Since this ligamentotaxis effect also applies to central-type disc
herniations, it can help decompress nerve compression caused by large disc herniations that
protrude extensively into the spinal canal. In cases of lumbar spondylolisthesis, increasing
the intervertebral height also reduces the anteroposterior displacement between vertebral
bodies, thereby alleviating nerve compression. For foraminal stenosis, expansion of the
intervertebral height directly enlarges the intervertebral foramen in the vertical direction.

In cases of spinal canal stenosis, if the cause is hypertrophied but soft ligamentum
flavum or bulging of the intervertebral disc, symptom improvement can be expected
through the indirect decompression effect achieved by restoring intervertebral height.
However, when bony stenosis of the lateral recess is present or the ligamentum flavum has
hardened due to calcification, the indirect decompression effect is less likely to be effective.
Furthermore, in cases where the facet joints have undergone bony fusion, it is difficult to
achieve sufficient intervertebral height extension, making the indirect decompression effect
similarly unlikely.

Cage subsidence has been reported as a risk factor for indirect decompression fail-
ure. It is speculated that subsidence leads to a loss of vertebral height, weakening the
ligamentotaxis effect and diminishing the enlargement of the intervertebral foramina. The
occurrence of cage subsidence is believed to be influenced by various factors, including
osteoporosis, intraoperative intervertebral manipulation, cage size, and other related fac-
tors. The assessment of bone quality, such as preoperative bone density, is considered
important. While it is generally believed that using larger cages increases the likelihood of
cage subsidence, this study did not observe a statistically significant difference. Among the
series of surgical procedures from intervertebral disc curettage to cage insertion, the most
likely to cause endplate injury is the technique of penetrating the disc tissue from the left to
the right side near the vertebral endplate using instruments such as a Cobb spinal elevator
in combination with a hammer or the technique of forcefully inserting a trial cage into the
intervertebral space. Most endplate injuries that lead to cage subsidence are thought to
occur during these steps. Therefore, these procedures should be performed carefully, with
fluoroscopic confirmation of the instrument’s position and angle. Additionally, during
the insertion of the trial cage or LLIF cage, the intervertebral space must be adequately
cleared of disc material. If disc tissue remains unevenly, the cage may not be inserted at
an appropriate angle, increasing the risk of vertebral endplate injury and subsequent cage
subsidence. Attention must also be paid to facet joint bony fusion. When posterior bony
fusion is present, even if a larger cage is inserted with the expectation of achieving indirect
decompression, the intervertebral height may not expand due to the fusion, potentially
resulting in cage subsidence. Therefore, it is important to evaluate preoperative CT scans,
particularly sagittal views, to confirm the presence or absence of facet joint fusion. In the
present series, cage subsidence occurred in 9.2% of all treated intervertebral levels; however,
no cases required additional direct decompression due to a diminished indirect decompres-
sion effect. Nevertheless, in cases where cage subsidence led to vertebral body deforma-
tion, prolonged low back pain was observed, indicating the need for caution regarding
cage subsidence.
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As aresult, in our case series, there were only three cases that required additional direct
decompression and eleven cases that required direct decompression simultaneously with
LLIF. The majority of cases, other than the 14 instances that required direct decompression,
have shown symptom improvement and a favorable postoperative course without the
need for direct decompression. Indirect decompression is thought to work by reducing
anterior—posterior protrusion by stretching soft tissues such as the intervertebral disc,
posterior longitudinal ligament, and ligamentum flavum vertically. Therefore, in cases
where there is primarily bony spinal canal stenosis, the effects of indirect decompression
are not realized. Furthermore, in cases of significant ligamentum flavum hypertrophy or
lateral recess stenosis, even if indirect decompression occurs, it may not provide sufficient
decompressive effects on the nerve roots. Instead, the elongation of the intervertebral height
could stretch the nerve roots, potentially worsening symptoms such as neuralgia. Therefore,
in cases of bony spinal canal stenosis, lateral recess stenosis, or significant ligamentum
flavum hypertrophy, it is considered necessary to combine direct decompression with
the procedure.

The results of this study indicate that using a cage with a height 3 mm or more greater
than the original intervertebral height is effective in achieving a favorable ligamentotaxis
effect on imaging. Based on these findings, selecting a cage size that allows an increase
of 3 mm or more in intervertebral height is considered effective. The decision to use a
cage that is 3 mm or more larger is made based on factors such as the sensation during
the insertion of the trial cage into the intervertebral space, bone density, facet joint bony
fusion, and overall safety considerations. It is also important to evaluate preoperatively
using CT images whether the cage can be inserted safely and without undue force, based
on the insertion angle and its spatial relationship with the iliac crest. We use a larger cage
only when it is deemed fitting and can be done safely in a comprehensive manner.

Moreover, the primary purpose of using a larger cage is to expand the intervertebral
height. Therefore, in patients whose vertebral endplates are not flat but have a concave,
curved shape centrally, it is not necessarily required to add an additional 3 mm to the pre-
operatively measured intervertebral height. In cases where the endplate contour is curved
and degenerative changes have caused the rims of the upper and lower vertebral bodies
across the disc space to be in close contact, sufficient intervertebral height expansion can be
achieved with a minimal-height cage—as long as the inserted cage adequately supports
both lateral rims of the vertebral bodies. Indeed, the fact that a significant ligamentotaxis
effect was observed in 8.8% of cases even with cages that were not substantially larger than
the preoperative intervertebral height (i.e., +3 mm or less) is likely attributable to the rea-
sons mentioned above. In other words, to safely achieve an intervertebral height expansion
of more than 3 mm, it is essential to thoroughly assess factors such as the vertebral bone
morphology on preoperative CT images, the degree of endplate sclerosis, and the extent of
residual intervertebral disc tissue.

The limitation of this study is that the follow-up period varied among cases, ranging
from 3 months to 1 year. Therefore, the results regarding the risk of cage subsidence may
change as the follow-up period is extended in the future.

5. Conclusions

To achieve a sufficient ligamentotaxis effect, it is necessary to select a cage size that
allows for an intervertebral height increase of at least 3 mm compared to the preoperative
measurement. The risk of cage subsidence associated with the use of larger cages will
require further investigation through longer-term follow-up.
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LLIF  Lateral lumbar interbody fusion
OLIF  Oblique lateral interbody fusion
JOA  Japanese Orthopedic Association
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Abstract: Objective: This study investigated the influence of the vacuum phenomenon (VP) on surgi-
cal outcomes in patients with lumbar spinal stenosis, comparing minimally invasive oblique lateral
interbody fusion (MIS OLIF) and endoscopic decompression. Methods: A cohort of 110 patients
diagnosed with lumbar spinal stenosis underwent either endoscopic decompression or MIS OLIF.
Patients were classified into two groups based on the presence or absence of the VP on preoperative
CT scans, non-VP (n = 42) and VP (n = 68). Radiologic and clinical outcomes, including back and
leg pain assessed using the visual analogue scale (VAS), the Oswestry Disability Index (ODI), and
the EuroQol-5 Dimension (Eq5D), were compared pre- and postoperatively over a 2-year follow-up
period. Results: Preoperatively, the VP group exhibited significantly greater leg pain (p = 0.010),
while no significant differences were observed in back pain or the ODI between the groups. In the
non-VP group, decompression and fusion yielded similar outcomes, with decompression showing a
better ODI score at 1 month (p = 0.018). In contrast, in the VP group, patients who underwent fusion
showed significantly improved long-term leg pain outcomes compared to those who underwent
decompression at both 1-year (p = 0.042) and 2-year (p = 0.017) follow-ups. Conclusions: The VP may
indicate segmental instability and may play a role in the persistence of radiculopathy. Fusion surgery
appears to offer better long-term relief in patients with the VP, whereas decompression alone is a
viable option in non-VP cases. These findings suggest that the VP may be a useful factor in guiding
surgical decision-making.

Keywords: vacuum phenomenon; lumbar spinal stenosis; endoscopic decompression; MIS OLIF;
surgical outcomes

1. Introduction

Lumbar spinal stenosis is prevalent in the ageing population and often necessitates
surgical intervention when conservative treatments fail [1-3]. Traditionally, spinal surgeons
rely on two main surgical options, spinal decompression and fusion [4]. However, recent
advancements in minimally invasive techniques, particularly endoscopic decompression,
have revived interest in decompression alone, offering benefits such as reduced surgical
times and a quicker recovery [4-8]. Despite these advancements, the decision between
decompression and fusion remains challenging, particularly in the presence of factors
indicating instability, such as isthmic spondylolisthesis, dynamic instability, and facet
diastasis [1,4,8]. In this context, the disc vacuum phenomenon (VP), which is indicative
of instability at the disc level, has attracted considerable attention [6,9-16]. While tradi-
tionally associated with the management of back pain through procedures such as cement
discoplasty, emerging research suggests that the VP may also serve as a key factor in
determining the necessity for fusion surgery [9,17].
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The VP is characterized by the accumulation of gas within the intervertebral disc,
typically appearing as a radiolucent area on plain radiographs or as hypodense regions on
CT scans [14-16]. Previous studies have demonstrated a correlation between the VP and
increased back pain, as well as greater instability, particularly when vertical motion exceeds
a certain threshold on dynamic radiographs [12,18,19]. The VP reflects disc instability,
making it an essential consideration in surgical planning, particularly in cases where
conservative treatments have failed to address symptoms. While these findings highlight
the potential importance of the VP in surgical decision-making, the question remains as
to whether the VP alone warrants fusion surgery or whether decompression could be
equally effective.

There is no consensus on whether the VP should be considered a definitive indication
for fusion akin to conditions such as isthmic spondylolisthesis [1,4]. Additionally, the
long-term comparative outcomes of fusion versus decompression in patients with the VP
have not been thoroughly investigated. While the VP is often viewed as a marker of insta-
bility, there are cases where patients with the VP can undergo endoscopic decompression
alone and achieve favourable outcomes without fusion, suggesting that the VP does not
always necessitate fusion surgery. This highlights the importance of evaluating each case
individually, balancing the potential instability indicated by the VP against the benefits
of a less invasive decompression procedure. Endoscopic decompression and MIS OLIF
(minimal invasive oblique lateral interbody fusion) are effective surgical options; however,
they operate based on different principles. MIS OLIF achieves indirect decompression by
restoring disc height, which can alleviate symptoms without directly decompressing neural
elements [20-23]. Over time, this approach may facilitate biological remodelling, poten-
tially reversing degenerative changes and stabilizing the spine [20]. In contrast, endoscopic
decompression directly targets neural elements but does not result in arthrodesis [2,5].

Therefore, this study aimed to compare the radiological and clinical outcomes of
endoscopic decompression and MIS OLIF in patients with lumbar spinal stenosis, focusing
on the presence and implications of the VP.

2. Materials and Methods
2.1. Study Design and Patients

This cohort study was approved by the Institutional Review Board (IRB No. 2024AN0320,
approval date 2024-07-15). This study was conducted following the ethical principles of the
Declaration of Helsinki and adhered to the Strengthening the Reporting of Observational
Studies in Epidemiology guidelines to ensure transparency and rigour in the presentation
of observational research [24]. The study population comprised patients diagnosed with
single-level central lumbar stenosis, with or without foraminal stenosis, who underwent
MIS OLIF or endoscopic decompression between January 2019 and June 2022. The patient
selection process is illustrated in Figure 1. Initially, 164 patients with single-level central
lumbear spine stenosis, with or without foraminal stenosis, were screened for inclusion and
treated with MIS OLIF or endoscopic decompression. Patients included in the study presented
with symptoms of neurogenic claudication and/or sciatica due to central stenosis or severe
leg pain due to foraminal stenosis. The decision to proceed with surgical treatment was
made after discussions with the patients, particularly when they did not achieve satisfactory
symptom relief from conservative treatments, such as medication or nerve blocks. To meet
the insurance criteria, patients undergoing decompression were required to have received
at least 6 weeks of conservative treatment, and those undergoing fusion surgery needed a
minimum of 3 months of conservative management. The diagnosis of lumbar stenosis was
based on clinical symptoms compatible with radiological findings on MRI, where central
or foraminal stenosis was observed. The inclusion criteria were restricted to single-level
surgeries, meaning only patients requiring surgery at a single lumbar level were included
in the study. The exclusion criteria were as follows: patients who had undergone previous
surgery on the affected segment (n = 11); those with infections, trauma, or tumours affecting
the lumbar spine (n = 23); and patients who underwent MIS OLIF concurrently with open or
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endoscopic decompression (n = 2). After applying these exclusion criteria, 128 patients were
eligible for further analysis. An additional 18 patients were excluded due to loss of follow-up
or incomplete electronic medical records and radiographic data, resulting in a final cohort
of 110 patients. These 110 patients were subsequently categorized into two groups based on
the presence of the VP in the disc space at the surgical level, as observed on CT scans. The
non-VP and VP groups comprised 42 and 68 patients, respectively.

Patients with Single-level central stenosis
with or without foraminal stenosis, treated
with MIS OLIF or Endoscopic
Decompression
(n=164)
Exclusion criteria
(1) Previous surgery at operative level (n = 11)
“1(2) Patients with infection, trauma, or tumor (n = 23)
(3) MIS OLIF patients with decompression
simultaneously (n = 2)
y
128 patients
IFollow-up loss or incomplete
Plelectronic medical records and
radiographic data (n = 18)
4
110 patients included
Vacuum phenomenon on CT
y y
Non-VP Group VP Group

(n=42) (n=68)

Figure 1. Patient selection flow chart. The figure outlines the process of including and excluding
patients from the study cohort, from the initial screening to the final categorization into VP and
non-VP groups.

2.2. Surgical Procedures

The surgical procedures included biportal endoscopic interlaminar decompression
and MIS OLIF.

Endoscopic decompression was performed via the interlaminar approach using the
biportal endoscopic technique [2,25]. This procedure involves the creation of two small
portals, one for the endoscope and another for the surgical instruments. Decompression was
achieved by resecting the ligamentum flavum and performing a partial laminotomy. When
necessary, the hypertrophic facet joints were trimmed to relieve nerve compression. The
biportal approach allows adequate visualization and decompression of neural elements
while minimizing soft tissue disruption. This procedure was performed by one of the
authors (H.R.L). The MIS OLIF was performed with the patient in the lateral decubitus
position [20,26,27]. An oblique approach was used to access the disc space anteriorly,
avoiding the psoas muscle and reducing the risk of lumbar plexus injury. The intervertebral
disc was removed, and an interbody cage was inserted to restore disc height and spinal
alignment. Subsequently, percutaneous pedicle screw fixation was performed using a
posterior approach to provide additional stability to the surgical segments. The OLIF
procedures were conducted by only one senior author (J. H. Y.) to ensure consistency in the
surgical technique across patients.
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2.3. Data Collection and Radiologic Assessments

Demographic characteristics such as age, sex, American Society of Anesthesiologists
(ASA) classification, height, weight, body mass index (BMI), bone mineral density (BMD),
and medical history (including hypertension, diabetes mellitus, and smoking status) were
extracted from the patients’ electronic medical records. Additionally, details regarding
the type and specific level of surgery were documented. Radiological measurements
were performed to assess the structural characteristics of the lumbar spine. Instability
in spondylolisthesis (ISL) was evaluated using plain and dynamic lateral lumbar radio-
graphy. Preoperative MRI axial cuts were used to assess the degree of central stenosis
and graded according to the Schizas classification [28]. The presence and extent of the VP
were determined through preoperative CT scans [11,14]. Based on the percentage of the
disc space occupied by a vacuum (V), the VP was classified into four grades as follows:
Grade 0 (no VP), Grade 1 (V < 20%), Grade 2 (20% < V < 80%), and Grade 3 (V > 80%),
as illustrated in Figure 2. Additionally, endplate sclerosis was noted [22]. Quantitative
measurements included anterior disc height (ADH), posterior disc height (PDH), foraminal
height, and foraminal area. These measurements were obtained from preoperative CT
scans using the region of interest (ROI) measurement function in a picture archiving and
communication system (PetaVision for Clinics, 3.1, Korea University Anam Hospital, Seoul,
Republic of Korea).

Figure 2. [llustration of the vacuum phenomenon (VP) and an endplate sclerosis assessment. The CT
sagittal view shows the presence of the air in the disc space, indicating the VP. The most prominent
VP cut was used for evaluation. Based on the ratio of the VP area to the disc area, the grades were
categorized as follows: <20% as Grade 1, 20-80% as Grade 2, and >80% as Grade 3. Endplate sclerosis
was noted when more than 20% of the vertebral endplate exhibited sclerotic changes. The VP with
endplate sclerosis is shown in (a), the VP without endplate sclerosis in (b), non-VP with endplate
sclerosis in (c), and non-VP without endplate sclerosis in (d).

2.4. Clinical Outcome Measures

Clinical outcomes were evaluated preoperatively and at multiple postoperative time
points for up to 2 years, including 1 month, 6 months, 1 year, and 2 years. The outcomes
measured were back pain using the visual analogue scale (VAS), leg pain VAS, the Oswestry
Disability Index (ODI), and the EuroQol-5 Dimension (Eq5D). These patient-reported
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outcome measures were collected to assess the effectiveness of surgical interventions in
both the VP and non-VP groups.

2.5. Statistical Analyses

Statistical analyses were performed using the SPSS software (version 26.0; IBM Corp.,
Armonk, NY, USA). Continuous variables were expressed as mean =+ standard deviation
(SD), and categorical variables were presented as numbers and percentages. The Shapiro—-
Wilk test was used to assess the normality of continuous variables [29]. For comparisons
between the VP and non-VP groups, an independent ¢-test was used for continuous vari-
ables, and the Chi-squared test or Fisher’s exact test was used for categorical variables, as
appropriate. Repeated measures analysis of variance was used for normally distributed
continuous variables to evaluate the clinical outcomes between decompression and fusion
surgeries within each group, with post hoc pairwise comparisons performed using the
Bonferroni correction. Statistical significance was set at p < 0.05.

Quantitative variables, including ADH, PDH, foraminal height, and foraminal area,
as well as the VP grade, were independently measured by two spine surgeons who had
completed their fellowship training. The surgeons were blinded to each other’s assessments
and the patient groups. To ensure the reliability of the measurements, interobserver and
intraobserver variabilities were calculated using the intraclass correlation coefficient (ICC).

3. Results
3.1. Demographic and Clinical Characteristics

Of the 110 patients, 42 were classified as non-VP and 68 were classified as VP. The
VP group was slightly older (70.4 £ 9.0 vs. 67.5 & 11.2 years, p = 0.203) with a similar
male-to-female ratio (p = 0.165). ASA classification, height, weight, BMI, BMD, and the
prevalence of hypertension, diabetes mellitus, and smoking were comparable between the
groups (p > 0.05). The proportion of patients who underwent decompression or fusion was
similar in both groups (p = 0.556). Additionally, there was no significant difference in the
operative locations between the groups, with most surgeries performed at L4-5 (p = 0.616)
(Table 1).

Table 1. Comparison of demographic characteristics between VP and non-VP groups.

Non-VP VP
(n =42) (n = 68) p Value

Age, years 67.5+11.2 70.4 £9.0 0.203
Sex, M:F 19:23 40:28 0.165
ASA classification

2 21 (60.0%) 24 (52.2%) 0.569

3 14 (40.0%) 21 (45.7%) :

4 0 (0.0%) 1(2.2%)
Height, cm 159.8 £ 5.7 1572 +73 0.137
Weight, kg 62.5+11.3 60.7 £ 8.5 0.208
BMI (kg/m?) 245+24 246 £3.3 0.975
BMD, T-score -12+18 —15+14 0.702
HTN, n 15 (35.7%) 21 (30.9%) 0.599
DM, n 7 (16.7%) 17 (25.0%) 0.304
Smoking, n 5 (11.9%) 11 (16.2%) 0.537
Operation type 0.556

Decompression 23 (54.8%) 32 (47.1%)

Fusion 19 (45.2%) 36 (52.9%)
Location

L1-2 0 (0.0%) 1(1.5%)

L2-3 1(2.4%) 6 (8.8%) 0616

L34 5 (11.9%) 9 (13.2%) ’

L4-5 31 (73.8%) 44 (64.7%)

L5-S1 5 (11.9%) 8 (11.8%)

VP, vacuum phenomenon; ASA, American Society of Anesthesiologists physical status classification; BMD, bone
mineral density; HTN, hypertension; DM, diabetes mellitus.
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3.2. Imaging Characteristics

The Schizas grade, which reflects the severity of central stenosis, showed no significant
difference (p = 0.773). In the VP group, the VP grades were classified as Grade 1 (39.7%),
Grade 2 (42.6%), and Grade 3 (17.6%). Endplate sclerosis was significantly more prevalent
in the VP group (48.5% vs. 14.3%, p = 0.001). Although ISL was slightly more frequently
experienced in patients within the VP group (8.8% vs. 4.8%), this difference was not significant
(p = 0.425). The VP group exhibited a shorter ADH (7.6 + 2.8 mm vs. 9.7 & 2.9 mm) and
PDH (3.8 £ 1.4 mm vs. 5.5 £ 1.9 mm) (both p < 0.001), but foraminal measurements in terms
of foraminal height and area showed no significant differences (p > 0.05) (Table 2). The
reliability of these measurements was assessed using the ICC, which demonstrated excellent
interobserver and intraobserver agreement. For ADH, the interobserver reliability using the
ICC was 0.85 and the intraobserver reliability was 0.88. PDH had an interobserver reliability
of 0.82 and an intraobserver reliability of 0.87. Similarly, the foraminal height and area had
an interobserver reliability of 0.83 and 0.84 and an intraobserver reliability of 0.89 and 0.86.
Furthermore, the VP grading showed the highest reliability, with an interobserver reliability
of 0.96 and intraobserver reliability of 0.98.

Table 2. Comparison of imaging characteristics between VP and non-VP groups.

Non-VP VP
(n = 42) (n = 68) p Value
Schizas grade, n 0.773
B 2 3
C 23 41
D 18 24
VP grade, n
0 42 (100.0%)
1 27 (39.7%) <0.001 *
2 29 (42.6%)
3 12 (17.6%)
Endplate sclerosis, n 6 (14.3%) 33 (48.5%) 0.001 *
ISL, n 2 (4.8%) 6 (8.8%) 0.425
CT measurements
ADH, mm 9.7+29 76 +28 <0.001 *
PDH, mm 55+19 3.8+14 <0.001 *
RFH, mm 11.6 £29 109 £25 0.262
RFA, mm? 67.0 £225 61.4 +21.1 0.222
LFH, mm 11.8 £2.8 122 +94 0.762
LFA, mm? 66.2 +21.0 645+ 184 0.673

VP, vacuum phenomenon; ISL, isthmic spondylolisthesis; ADH, anterior disc height; PDH, posterior disc height;
RFH, right foraminal height; RFA, right foraminal area; LFH, left foraminal height; LFA, left foraminal area.
* p value < 0.05.

3.3. Clinical Outcomes

In the preoperative assessment, the VP group (n = 68) demonstrated a greater mean leg
pain on the VAS (5.3 £ 2.1) than that of the non-VP group (n = 42), which had a mean leg
pain VAS score of 4.4 &= 1.8 (p = 0.010). However, no significant differences were observed
between the two groups in terms of back pain (p = 0.55), the ODI (p = 0.335), or the Eq5D
scores (p = 0.856). At the 2-year follow-up, there were no significant differences between
the VP and non-VP groups in any of the assessed clinical outcomes, including back pain
(p = 0.948), leg pain (p = 0.422), the ODI score (p = 0.085), and the Eq5D score (p = 0.449)
(Table 3).

When comparing the clinical outcomes between decompression and fusion within the
non-VP group (Table 4), no significant differences were observed in back pain, leg pain,
and the ODI and Eq5D scores across all assessed time points. However, at the 1-month
follow-up, the fusion group had a significantly higher ODI score (44.3 & 15.6) than that
of the decompression group (33.0 £ 13.9), with a p value of 0.018. No other significant
differences were noted between the two groups in the longer term.
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Table 3. Clinical measures preoperatively and at the final follow-up for VP and non-VP groups.

Total Non-VP VP
(n = 110) (n=42) (n = 68) p Value
Preoperative
Back pain 65+23 63+25 6.7 20 0.55
Leg pain 48 +2.0 44 4+1.8 53421 0.010 *
ODI score 61.1 £15.8 59.7 £ 159 62.5 + 159 0.335
Eq5D score 154 £+ 3.1 154 £33 154 +2.8 0.856
2 years
Back pain 23+19 23+20 23+19 0.948
Leg pain 14 £15 1.3+14 1.6 1.6 0.422
ODI score 29.8 £17.2 25.8 £ 175 32.6 £ 16.6 0.085
Eq5D score 9.1+33 8.8 3.5 94 +32 0.449
VP, vacuum phenomenon; ODI, Oswestry Disability Index; Eq5D, EuroQol-5 Dimension. * p value < 0.05.

Table 4. Comparison of clinical outcomes between decompression and fusion in non-VP patients.

Decompression Fusion

(n=23) (n=19) p Value
Back Pain VAS
Preoperative 6.6 £2.0 6.4+£22 0.738
1 Month 27+1.5 2.7 +2.0 0.9
6 Months 20+ 1.6 22420 0.751
1 Year 23+1.8 22+1.7 0.832
2 Years 21+1.8 2.6 +23 0.499
Leg Pain VAS
Preoperative 40421 47 +19 0.293
1 Month 19+14 1.9+22 0.974
6 Months 1.5+17 1.0+14 0.29
1 Year 1.1+1.0 1.0+1.2 0.684
2 Years 1.3+1.1 1.3+1.7 0.964
Oswestry Disability Index
Preoperative 61.6 £17.5 64.6 +12.5 0.55
1 Month 33.0 £ 139 443 +15.6 0.018 *
6 Months 244 +10.3 319 +17.6 0.135
1 Year 23.0 +£12.0 29.8 £17.1 0.22
2 Years 225+ 14.4 29.8 £204 0.242
EuroQol-5 Dimension
Preoperative 148 +34 152 +29 0.695
1 Month 9.7+ 26 10.8 =29 0.24
3 Months 85+125 9.0+ 3.0 0.595
6 Months 8.0+£1.38 92+33 0.235
1 Year 82+24 9.5+ 45 0.35

VAS, visual analogue scale; VP, vacuum phenomenon. * p value < 0.05.

In the VP group (Table 5), patients who underwent fusion (n = 36) showed significantly
better outcomes in terms of leg pain at both the 1-year (p = 0.042) and 2-year (p = 0.017)
follow-ups than those who underwent decompression (n = 32). Although the fusion
group had lower ODI scores at various time points, these differences were not statistically
significant. Similarly, the groups had no significant differences in back pain or Eq5D scores
throughout the follow-up period. These results are illustrated in Figure 3, which presents
the trends in the clinical outcomes (back pain, leg pain, and ODI and Eq5D scores) over
time, comparing decompression and fusion within the VP and non-VP groups. There were
no major complications observed in either group. In the endoscopic decompression group,
no revision surgeries were required. One case of revision due to hematoma occurred in
the non-VP group. Additionally, incidental durotomies were noted in one patient from the
non-VP group and two patients from the VP group. During OLIF surgery in the VP group,
an iliac vein branch injury occurred, but it was successfully repaired intraoperatively by a
vascular surgeon without further complications. No revision surgeries were required in
the OLIF group.
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Table 5. Comparison of clinical outcomes between decompression and fusion in the VP group.

Decompression Fusion

(n=32) (n =36) p Value

Back Pain VAS

Preoperative 6.7 £2.1 70+£1.6 0.499

1 Month 25+15 35+19 0.02

6 Months 25+22 25+1.3 0.973

1 Year 23+1.6 28+1.3 0.24

2 Years 274125 20£1.2 0.27
Leg Pain VAS

Preoperative 52£22 52+£21 1

1 Month 22+18 27+13 0.355

6 Months 1.7+ 1.6 1.8+17 0.664

1 Year 19+15 1.3+15 0.042 *

2 Years 21+18 12+14 0.017 *
Oswestry Disability Index

Preoperative 59.7 £13.8 60.0 £ 12.7 0.939

1 Month 385+17.2 46.4 +10.2 0.028

6 Months 32.3 +20.7 36.2 +£12.6 0.382

1 Year 28.7 £174 344 +13.1 0.196

2 Years 344 +21.7 31.0 £ 11.0 0.52
EuroQol-5 Dimension

Preoperative 151 +2.3 154 +27 0.726

1 Month 10.0 £2.7 11.34+23 0.079

6 Months 99+ 38 99+19 0.967

1 Year 9.0£3.3 9.7 £20 0.423

2 Years 9.6 +43 92+22 0.723

VAS, visual analogue scale; VP, vacuum phenomenon. * p value < 0.05.
Comparison of Clinical Outcomes Between Decompression and Fusion in VP and Non-VP Groups
VP Group: Back Pain VP Group: Leg Pain VP Group: ODI VP Group: Eq5D
¥~ Decompression %~ Decompression

N T fusion 175 F Ausion

Mean + 5D

0
Preoperative 1 Month 6 Months  1Year 2 Years  Preoperative 1 Month 6 Months 1 Year 2 Years préoperative 1 Month B Months  1vear  2Vears  MSoperative 1 Month 6 Months  1vear 2 vears

Non-VP Group: Back Pain Non-VP Group: Leg Pain Non-VP Group: ODI Non-VP Group: Eq5D
—“F- Decompression B0 “F Decompression
8 F- fusion F- fusion

Mean 5D
Mean = SD

0
Preoperative 1 Month 6 Months  1Year 2 Years  Preoperative 1 Month 6 Months 1 Year 2 Years préoperstive 1 Month 6 Months  1¥ear  Zvears  Mdoperative 1 Month 6 Months  1vear 2 Years

Figure 3. Comparison of clinical outcomes (back pain, leg pain, ODI, Eq5D) over time between
decompression and fusion subgroups within the VP and non-VP groups. The blue asterisks (*)
indicate points where p < 0.05.

4. Representative Cases

Figure 4 illustrates four representative cases comparing VP and non-VP patients
treated with either endoscopic decompression or MIS OLIF. In Figure 4a, a patient with
severe L4-5 stenosis and no evidence of the VP on CT underwent endoscopic decompression.
In Figure 4b, a patient with Grade 2 VP at L4-5 also underwent endoscopic decompression.
Figure 4c shows a case of degenerative spondylolisthesis at L4-5 without the VP, where the
patient was treated with MIS OLIF. Lastly, in Figure 4d, a patient with Grade 2 VP at L4-5
underwent MIS OLIF for fusion. The red arrow indicates non-VP, while the yellow arrow
marks the presence of the VP on the CT scans.
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P

Figure 4. Comparative cases of patients with and without the VP undergoing endoscopic decompres-
sion and OLIF. (a) Preoperative MRI shows severe L4-5 stenosis with no VP observed on CT (non-VP,
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indicated by red arrow). Postoperative MRI confirms adequate decompression following endoscopic
decompression. (b) Preoperative MRI shows severe L4-5 stenosis, with Grade 2 VP detected on CT
(VP sign indicated by yellow arrow). Postoperative MRI confirms adequate decompression following
endoscopic decompression. (c) Preoperative MRI reveals severe stenosis at L4-5 due to degenerative
spondylolisthesis (DSL), but no significant VP sign is observed on CT (non-VDP, indicated by red
arrow). MIS OLIF was performed at L4-5. (d) Preoperative MRI shows severe stenosis at L4-5, with
Grade 2 VP confirmed on CT (VP sign indicated by yellow arrow). MIS OLIF was performed at
L4-5.5.

5. Discussion

This study highlights the significant role of the disc VP in influencing the surgical
outcomes of patients with lumbar spinal stenosis. Our study demonstrated that the patients
in the VP group experienced more severe preoperative leg pain than those in the non-
VP group. This aligns with the existing literature that associates the VP with advanced
degenerative changes and segmental instability, typically resulting in increased back pain
and disability [6,9]. However, our study further revealed that the VP not only correlates
with these symptoms but also has a profound impact on radiculopathy. Patients with the VP
who underwent fusion had better long-term outcomes in terms of leg pain than those who
underwent decompression alone, suggesting that the instability caused by the VP extends
beyond the disc and affects the nerve roots, thereby exacerbating radiculopathy. This
supports the notion that the VP is a critical factor in determining the appropriate surgical
approach, particularly when considering the potential benefits of fusion for stabilizing the
spine and alleviating nerve irritation [11].

The underlying mechanisms by which the VP contributes to radiculopathy and leg
pain likely involve several factors. Instability, driven by the presence of the VP, is a key
contributor. Gas accumulation within the disc space, a characteristic of the VP, indicates
significant disc degeneration, which in turn leads to micromovement in the affected spinal
segment [8,30,31]. These micromovements can result in abnormal mechanical loading and
increased stress on adjacent neural structures, particularly the nerve roots [11]. Mechanical
irritation of the nerve roots may directly cause radicular symptoms that manifest as leg
pain. Additionally, the instability and micromovements associated with the VP can induce
a pro-inflammatory state within the disc and surrounding tissues [32]. This inflamma-
tory response is mediated by the release of cytokines and other inflammatory mediators
that can further irritate the nerve roots and contribute to the chronicity and severity of
radiculopathy [32,33]. These combined mechanical and biochemical factors underscore the
significance of the VP in the pathophysiology of radiculopathy in lumbar spinal stenosis.

Despite the known associations between the VP and increased back pain or higher
ODI scores reported in previous studies [6,12,19,34], our study did not find a significant
relationship between the VP and these outcomes. One possible explanation is that chronic
back pain in these patients may have been present for an extended period, leading to
a level of pain and disability that was less responsive to surgical interventions such as
fusion. While previous studies often highlight a strong correlation between the VP and
worsened back pain or ODI scores [6,9-12,17,19,34], our findings suggest that the severity
of the VP does not necessarily equate to more severe back pain preoperatively. This could
be because although the VP may suggest instability, decompression alone may still be a
feasible option in cases where the disc height has significantly decreased [4,6,8]. Thus, it is
essential to consider an individual patient’s pain profile and the extent of disc degeneration
when deciding on a suitable surgical approach. In addition to the VP, which indicates a
level of instability that may benefit from fusion, our study found a higher incidence of
endplate sclerosis in the VP group. This sclerosis likely contributes to a more favourable
environment for fusion, particularly with techniques like OLIF [11,17,20,22]. Endplate
sclerosis provides a solid bony interface, essential for safely inserting an OLIF cage and
restoring disc height [20-22]. This suggests that the higher incidence of endplate sclerosis
in the VP group could influence the decision to perform fusion rather than decompression.

150



J. Clin. Med. 2024, 13, 5827

However, our study challenges the notion that a higher VP grade is associated with
increased back pain, as suggested by Ohyama et al. [34], who reported a direct correlation
between the VP grade and back pain severity. Our findings indicate that the presence of the
VP does not always translate into severe back pain, nor does it guarantee a poor surgical
outcome. This highlights the need for a better understanding of the VP and its impact on
clinical symptoms, suggesting that the VP may not be a poor indicator of surgical outcomes,
as previously reported [10,11,19,34].

In contrast, in the absence of the VP, the differences in outcomes between decompres-
sion and fusion were minimal. This finding is consistent with previous studies suggesting
that fusion may not be necessary in patients without the VP, where decompression alone
might suffice [4,7,21,35]. Moreover, our results showed that at the 1-month follow-up,
patients in the non-VP group who underwent decompression had significantly better ODI
scores than those in the VP group who underwent fusion. This suggests that in cases
without the VP, the less invasive nature of decompression combined with its ability to
relieve neural compression directly can lead to better immediate outcomes and faster
recovery [7,8,35]. These observations underscore the potential of the VP as a guideline for
surgical decision-making, although it is not an absolute indication for fusion. This suggests
that in the absence of the VP, decompression may be preferable, sparing the additional
risks and recovery times associated with fusion [4,7,36,37].

The ongoing debate between fusion and decompression in the management of lumbar
spinal stenosis is well documented. Traditionally, factors such as patient age, instability, and
the degree of degenerative change have guided this decision [4,7,8,22,30,35,36]. Fusion is
often favoured in cases of severe arthritic changes, instability, or listhesis, aiming to achieve
solid arthrodesis and prevent further degeneration [4,36,37]. However, decompression
alone is effective in patients without significant instability or those at a higher risk for
complications associated with fusion [4,7,8]. Our study adds to this body of evidence
by demonstrating that the VP, indicative of disc degeneration and instability, could be a
valuable factor in guiding this choice. Specifically, our findings suggest that fusion may be
more beneficial in patients with the VP, whereas those without the VP could potentially
achieve outcomes similar to those opting for decompression alone.

Moreover, the VP and disc height relationship should not be overlooked, particularly
in the context of minimally invasive procedures such as OLIF. OLIF is known for its
ability to restore disc height and achieve indirect decompression, making it a suitable
option for patients with the VP [20-22] in whom maintaining or restoring disc height is
crucial. Conversely, in cases where the disc height is already significantly reduced, other
factors such as ligamentum flavum hypertrophy and central canal stenosis become more
critical, potentially influencing the decision to perform direct decompression [4]. These
considerations highlight the need for a nuanced approach when selecting the appropriate
surgical intervention, considering the presence of the VP and the overall spinal environment
and pathologies.

Our study had some limitations. First, the relatively small sample size, particularly
when subgrouping patients into the VP and non-VP groups, may limit the generalizability
of our findings. This sample size constraint could influence the robustness of our results
and therefore, further studies with larger cohorts are needed to validate these findings
and strengthen their applicability in broader clinical practise. Secondly, although we used
MIS OLIF and endoscopic decompression as representative surgical techniques, these
methods may not fully capture the outcomes of traditional open fusion or decompression
surgeries, respectively. Although MIS OLIF and endoscopic decompression are currently
increasingly favoured owing to their minimally invasive nature [2,5,23], they may not be
directly comparable to other more conventional procedures. This limits the applicability of
the results to all fusion and decompression surgeries. However, the growing adoption of
these minimally invasive approaches in clinical practise underscores the relevance of our
study in addressing current surgical trends [23]. Finally, while our study identifies the VP
as a potential factor in deciding between decompression and fusion, it does not provide a
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definitive algorithm for surgical decision-making. To develop such a strategy, it would be
necessary to integrate and validate additional measures of instability, such as the degree of
listhesis, facet joint cystic changes, and dynamic radiographic findings. Further research
could use our findings to inform future guidelines, with the VP being one of the important
factors in the overall assessment of instability.

6. Conclusions

Although the presence of the VP should not be viewed as an absolute indication
for fusion, it may play a considerable role in determining surgical outcomes, particularly
leg pain and radiculopathy. Our findings suggest that the presence of the VP may be
related to leg pain recurrence when fusion is not performed. Further large cohort studies or
randomized controlled trials are required to confirm our findings and thoroughly explore
the implications of the VP in spinal surgery.
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Abstract: Background/Objectives: The treatment for lumbar disc herniation (LDH) is
surgical discectomy. This surgery may enhance spinal instability and exacerbate disc
degeneration. The most common treatment options include microdiscectomy (MD), inter-
spinous process device (IPD) implantation, and percutaneous endoscopic lumbar discec-
tomy (PELD). As few studies have compared these three procedures, this study focused
on collecting data on the clinical, functional, and imaging outcomes of surgery for symp-
tomatic LDH. Methods: This is a retrospective, transverse, and analytical study, with a
total of 383 patients who received operations for symptomatic LDH between 2018 and
2022. Medical information from the charts of these patients was collected. The results
were followed up on for a minimum of one year by collecting responses from several
questionnaires and clinical data, including patients” scores on the visual analogue scale
(VAS), Oswestry Disability Index (ODI), and symptomatic improvement score (SIS), as
well as wound size, blood loss, hospital stay, postoperative disc change, and complications.
Results: At the end of data collection, the VAS and ODI scores all showed significant
improvement following these three procedures (p < 0.01). The SISs were all ranked as good
(8.1, 8.5, and 7.9) post-surgery. PELD was a minimally invasive procedure that resulted
in the smallest wound size (0.82 cm), minimal blood loss (21 mL), and a short hospital
stay (4.2 days). A substantial pre-/postoperative change in disc height was noted in the
MD (—17%) and PELD (—15%) groups. The complication rates were similar among the
three groups (3%, 5%, and 5.6%). Conclusions: IPD implantation and PELD yielded
outcomes comparable to those of conventional MD for symptomatic relief and functional
recovery. Although the complication rates were similar, the postoperative complications
were quite different from those of the other procedures. PELD resulted in rapid recovery
and minimal invasion, and IPD implantation showed a good ability to preserve disc height
and spinal stability; however, the clinical relevance of these findings in disc degeneration
remains controversial.
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1. Introduction

The increasing ageing population has encountered substantial challenges in spinal
medical care. Lumbar disc herniation (LDH) is a critical spinal disease primarily treated
with surgical decompression [1]. The symptoms of LDH may present as radicular signs,
neurogenic claudication, and low back pain, and they frequently occur in individuals
over 50 years of age [2]. The options for the management of LDH include conservative
treatment (such as epidural steroid /morphine injections), surgical decompression with
microdiscectomy (MD), the implantation of an interspinous process device (IPD), and per-
cutaneous endoscopic lumbar discectomy (PELD) [3]. Surgical decompression is indicated
if conservative treatments fail [4-6]. Definitive decisions regarding surgical methods for
simple LDH remain controversial [7-9]. Since Caspar and Yasargil developed the method of
surgical discectomy with microscopic assistance in 1977, MD has become the gold standard
technique for LDH [10-13]. Recently, some studies have stated that the disruption of the
paravertebral muscles in the subperiosteal approach and the destruction of the lamina may
induce spinal instability and failed-back syndrome [14,15]. A randomized controlled study
showed no significant differences in functional outcomes and recovery times between
open and minimally invasive MD [16,17]. IPDs have been used for decades and may be
designed as a static or dynamic component according to the material, manufacturing, and
design [7,18-22]. In 1986, a hard dynamic stabilized system was created to decrease post-
operative spinal instability with an interspinous mass and reduce the angle of extension;
tension bands were used to fix the implanted graft in the adjacent spinous processes [23].
The considerable indications of application are extensive and can treat spinal canal stenosis,
symptomatic facet syndrome for low back pain, discogenic pain, radiculopathy by disc
herniation, and an unstable spine [18,19,24,25]. This technique is reversible in cases of
recurrent or persistent low back pain. The stabilization system was removed and replaced
with a rigid fixation system. In 1997, Minns first presented an interspinous silicone implant
for dynamic lumbar stabilization [26]. Since then, an increasing number of soft dynamic
system products have been created for lumbar degenerative disc surgery [9,27]; however,
their associated use with conventional MD is controversial, requiring a more evidenced
database [22,25]. This, combined with its non-specific and ‘useful-for-all’ characteristics,
has made its use debatable among spinal operators [8,25]. PELD with a 1 cm incision has
been widely performed for LDH and the stenosis of the spinal canal [28]. Its advantages in-
clude minimal wounds, less destruction, less blood loss, and a short operative time [29,30].
However, in endoscopic percutaneous spine surgery with one small linear incision, its uni-
directional axis and working channel limit the operative view and decompressive area [31].
Several reports have found similar clinical outcomes in terms of the safety and effectiveness
of PELD and MD procedures in the management of LDH [32,33]; however, analyses and
reviews focusing on the comparison of MD, IPD implantation, and PELD have not yet
been widely reported. Therefore, this study tried to estimate the clinical and functional
outcomes of these three different methods for the management of LDH.

2. Materials and Methods

In total, 383 patients (average age, 59.9 years; range, 18-82 years) who received spine
surgery for symptomatic LDH between January 2018 and December 2022 were selected for
evaluation. The inclusion criteria were symptoms of persistent and severe radiculopathy
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caused by LDH, failure of conservative treatment for 3-6 months, confirmation of diagno-
sis with spine magnetic resonance imaging (MRI), treatment of a patient by a conventional
discectomy of the MD/IPD/PELD procedures, and a follow-up of 1 year. The exclusion
criteria included the revelation of an objective neurological deficit via clinical evaluation;
revelation of other associated pathological problems such as tumours, infection, spine
fracture, spondylosis, spinal stenosis, and facet syndrome via imaging studies (MRI or
X-ray); and a history of previous spine surgery.

Clinical Data Collection

The data analysis of the variables in this study was divided into four steps. First,
basic data were collected from the patients” medical records, such as age, sex, cigarette use,
body mass index (BMI), surgical spinal level, and type of operation. Second, data were
obtained from the medical charts of patients who received operations, including wound
size, surgical time, amount of bleeding, admission days, and postoperative complications
with or without further re-intervention, if any, together with the time period from the first
surgery to the next intervention.

Thirdly, a radiographic assessment was conducted. For all cases studied, a lateral
upright lumbar radiograph was obtained before and 6 months after the operations. To
evaluate disc differences, the intervertebral disc height (IDH) was calculated preopera-
tively/postoperatively using Dabbs’” method [34,35]. The IDH was recorded as the average
sum at the height of the anterior (A) and posterior (B) edge of the disc. The calculated
formula was ((A + B)/2) (Figure 1). Average IDH values were compared among the three
groups. Furthermore, the correlation between the clinical outcomes and changes in post-
operative IDH was evaluated. All of the imaging calculations were performed by the
same radiologist.

Figure 1. Measurement of disc height. Calculation of disc height via Dabbs’ method (A + B/2).

Finally, the final clinical response after surgical intervention was evaluated using con-
sistent surveys frequently used in spinal surgical evaluation. The questionnaires included
the Oswestry Disability Index (ODI) to estimate the degree of disability and the visual
analogue scale (VAS) to record the pain strength. The VAS score was assessed from 0 (no
pain) to 10 (worst pain) using a millimetre rule. The data of the ODI are presented as a
percentage from 0 to 100% and recorded with standardized measurements. Questionnaires
were collected for both the preoperative status and postoperative follow-up. A symp-
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tomatic improvement score (SIS) was also designed to better understand the symptomatic
improvement before and after surgery to a greater degree. Satisfaction with the surgery
ranged from 0 to 10 on the SIS by the patients’ self-judgement or a caretaker’s inference
(0-2: poor; 3-5: satisfactory; 6-8: good; and 9-10: excellent).

3. Results

The average age of the patients was 59.9 (59.8% male and 40.2% female). Of the
patients, 200 underwent conventional MD, 76 underwent IPD implantation, and 107 un-
derwent PELD. The baseline data and clinical profiles of these three groups revealed no
statistically significant differences according to their p-values (>0.05). The data of the VAS,
OD], and SIS were also recorded. The data showed that the VAS and ODI scores improved
meaningfully in all three groups after operation (p < 0.01) (Table 1). The satisfaction of
patients was scored using the SIS and was 8.1, 8.5, and 7.9 out of 10 for MD, IPD, and PELD,
respectively (p > 0.05). The operative spinal levels are listed in Table 1.

Table 1. Baseline clinical characteristics and demographic data.

MD IPD PELD
Age (y/o0) 58.1 +17.43 53.5 + 14.10 53.5 + 15.55
Male/female 121/79 42/34 66/41
Smoking (0/0) 350/0 25%) 210/0
BMI 31.8+436* 284 +5.67* 275 +£422*
Preop./postop. VAS * 8.22/1.39 % 7.35/1.89 % 8.35/1.34 %
Preop./postop. ODI (%) 75.4/18.7 * 73.5/16.3 71.2/12.4*
SIS 8.1 8.5 7.9
Op. Level (N)
L1/2 3 2
L2/3 12 7 5
L3/4 22 10 6
L4/5 91 57 59
L5/S1 72 0 37

BMI: body mass index; IPD: interspinous process device; MD: microdiscectomy; N: number; ODI: Oswestry
Disability Index; PELD: percutaneous endoscopic lumbar discectomy; SIS: symptom improvement score;
VAS: visual analogue scale; and * p-value < 0.001.

According to our medical records, the mean operative times were 126.35 £ 38.5,
171.59 £ 56.98, and 127.92 £ 47.64 min in the MD, IPD, and PELD groups, respectively, as
shown in Table 2. The average operative time in the IPD patients was significantly longer
than in the MD and PELD patients (p < 0.001). Nevertheless, the operative blood loss
(21 £ 23.13 mL) and length of hospital stays (4.2 £ 2.35 days) in the PELD patients were
significantly lower than those in the MD patients (73.1 & 102.25 mL and 5.5 £ 3.59 days,
respectively) and IPD group (164.74 £+ 180.75 mL and 6.97 £ 4.22 days, respectively).
The operative wound sizes were similar in the MD and IPD groups. The PELD group
demonstrated the smallest wound size (average of 0.82 mm). The IDH was measured
separately for each surgical lumbar level, both preoperatively and postoperatively. The
IDH decreased postoperatively in the MD (—17%) and PELD (—15%) groups. In contrast,
the mean IDH in the IPD group increased by 3%.
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Table 2. Operative record information.

MD IPD PELD
Operative time (mins) 126.35 £ 38.5 171.59 £ 56.98 127.92 + 47.64
Blood loss (mL) * 73.1 +£102.25 164.74 + 180.75 21 +23.13
Wound size (cm) 5.89 £ 3.76 6.74 £2.86 0.82 £0.76
Hospital stays (days) 5.5+ 3.59 6.97 +4.22 42 +235
Medical cost (NT$) * 32,845 + 3458 150,984 + 8354 107,304 £ 5748
Preop./postop. disc N %
height (mm) 10.2/8.43 9.12/9.35 8.23/7.03
Change in IDH (%) —17% +3% —15%
Complication rate (%) 4% 5.2% 7.5%

IDH: intervertebral disc height; IPD: interspinous process device; MD: microdiscectomy; PELD: percutaneous
endoscopic lumbar discectomy; and * p-value < 0.001.

The total complication rate was 4% (n = 8), 5.2% (n = 4), and 7.5% (n = 8) for the
MD, IPD, and PELD groups, respectively (Table 2). No difference was noted among
the three groups. Surgical infection (SI) is a common complication in spinal surgery.
Four patients each from the MD and IPD groups underwent debridement and antibiotic
treatment for postoperative infections. No infections were observed in the PELD group.
Residues/recurrences of lumbar herniated discs were present in three patients of the MD
group and four patients of the PELD group. No secondary operations were performed for
recurrent disc rupture in the IPD group.

Neural damage (drop foot) may be encountered in spine surgery. In this study, it
occurred in only one patient in the MD group due to nerve traction. The patient recovered
completely after six months of rehabilitation and medication. The PELD group presented
four cases of dural tears, whereas no incidental durotomy happened in the other groups.
Four patients with dural openings in the PELD group underwent open surgery for dural
repair. In our review, six patients in the MD group, one in the IPD group, and three in
the PELD group underwent fusion surgery due to spinal instability within 1 year of the
follow-up. The specific data for secondary surgery are listed in Table 3.

Table 3. Cause of secondary operation for three studied groups.

MD IPD PELD
SI 4 4 -
Recurrent rupture disc 3 - 4
Drop foot 1 - -
Dura tear - - 4
Spine instability 6 1 3

IPD: interspinous process device; MD: microdiscectomy; PELD: percutaneous endoscopic lumbar discectomy;
and SI: surgical infection.

4. Discussion

In most circumstances, patients were in favour of a minimally invasive approach to
surgical intervention because of its fast postoperative recovery times [36,37]. Whether
minimally invasive spinal surgery (MISS) can offer better clinical results compared to tradi-
tional spine operations has long been a concern for spine operators [38]. Therefore, there is
a growing interest in less invasive therapeutic solutions as alternatives to lumbar fusion.
Other types of implants with lower local aggressiveness, such as IPDs, are also included
in this context [39]. PELD is a recently developed MISS technique. Reports from case
series have revealed satisfactory clinical outcomes in the management of LDH [15,40-42].
Thus far, few reports have compared the operative outcomes of patients undergoing PELD,
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IPD implantation, and open MD. Hence, this study attempted to understand the clinical
outcomes of these three popular spine procedures for symptomatic LDH.

The collected results showed that the PELD, IPD, and MD groups all achieved great
progress in their postoperative VAS and ODI scores. In this retrospective study, the data
revealed that MD, PELD, and IPD implantation can reach satisfactory and similar clinical
results at a 1-year follow-up. In particular, PELD showed faster postoperative recovery,
which was reflected in fewer hospital days and less operative bleeding with limited wound
size (p < 0.01). All three groups achieved high levels of satisfaction. While PELD and
IPD implantation may have higher initial costs, their suitability depends on the patient’s
condition. Microdiscectomy is generally the most cost-effective option for disc herniation.
Both immediate surgical costs and long-term recovery expenses should be considered when
choosing the best treatment [43]. The conventional MD procedure remained an efficient
and well-recovered procedure in our series.

The PELD procedure presents a similar interlaminar approach to MD [26,35]. This
distinguishing feature requires endoscopic procedures to take advantage of MD [23,35].
Nevertheless, this MISS technique necessitates a great learning curve for young begin-
ners [36]; skilled and well-trained surgeons may produce different clinical outcomes.
Several reports have shown that the operative time for endoscopic surgery is longer than
that for MD [25,37]. In our data, the average operative time was similar for the MD and
PELD groups (126.35 min and 127.92 min), demonstrating that PELD has no benefits with
regard to shortening the operative time; however, IPD implantation resulted in the longest
operative time, more blood loss, and larger wound size, which may be caused by the larger
operative area approach and instrument implantation. In the consideration of surgical
procedures, the creation of a working area, operative hemostasis, and implant adjustment
are time-intensive. The period of hospital admission in the PELD group was significantly
shorter than that for the other two groups, possibly indicating that patients who underwent
spinal endoscopic surgery were able to undergo rapid exercise, rehabilitation, walking,
and an earlier return to daily work. These issues are very critical, particularly for young
patients who are willing to return to their work earlier and older people who have a better
quality of life. Our study showed that patients receiving an IPD paid higher admission fees
than those receiving MD and PELD techniques. This may be related to the health insurance
system of Taiwan, where this study was conducted.

There was no difference in the total complication rate among all of the groups in our
study (p > 0.05). Four instances of SI occurred in the MD and IPD groups, whereas no
such complications were found in the PELD group. These infectious complications were
treated with surgical debridement, cleaning, and antibiotic injections, with good recovery.
The data demonstrate the benefit of a minimally invasive procedure in decreasing wound-
related problems. The rate of a recurrent disc is a substantial concern for endoscopic spine
procedures, with a possibility ranging from 0 to 6.9% [44—46]. Patients that received the
PELD procedure are considered as being at a higher risk of re-ruptured disc herniation
owing to the restricted flexibility in management and the limited operative field. Although
the recurrent rates in the conventional MD and PELD groups were similar at the 1-year
follow-up, studies with longer periods are required to validate this observation. Therefore,
it is noteworthy that there were no secondary operations for recurrent ruptured discs in
the IPD group. IPD implantation helps to reduce spinal extension motion and disc/facet
joint stresses [47]. This may be one of the reasons for its lower recurrence rates; however,
it has special complications, such as implant dislocation, malposition, or fracture of the
spinal process [48].

In the MD group, there was one case of foot drop immediately after the operation
due to nerve traction. The patient received steroids and underwent rehabilitation without
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surgical intervention. The neurological deficiency recovered well after six months of
treatment. There were no postoperative neurological deficits in the PELD or IPD group of
the present study:.

A total of 27% of patients who undergo discectomy present postdiscectomy syndrome
or failed-back syndrome, requiring a second surgery within 10 years of the first inter-
vention [48,49]. One possible solution with which to avoid postdiscectomy syndrome is
to perform lumbar fusion instrumented with pedicle screws during surgical discectomy.
Unsatisfactory long-term pain relief after lumbar MD occurred in 8-25% of examined
patients [50,51]. Segmental instability is a critical issue that contributes to failed-back
syndrome. Extensive operative techniques and bony destruction during MD may increase
the possibility of secondary segmental instability [52]. In our series, six cases (3%) in the
MD group and three (2.8%) in the PELD group underwent spinal fusion operation within a
follow-up of 1 year due to spinal instability. Only one patient (1.3%) in the IPD group un-
derwent a secondary fusion operation. The purpose of an IPD is to keep segmental stability,
preserve the focal segment mobility, and minimize the degenerative effects of adjacent
segments. This may have resulted in lower postoperative segmental instability [53].

This study had a few limitations, including a relatively small number of samples and
a short follow-up period. Hence, more randomized controlled and prospective studies
with designs for the PELD and IPD procedures are necessary to confirm our findings.
Additionally, only patients with LDH were discussed, whereas those with spinal stenosis
or mild-to-moderate spinal instability were excluded. Therefore, there are no reasons to
suppose that the conclusions of this research are reasonable for current surgical decisions
for LDH patients.

5. Conclusions

The PEID and IPD procedures yielded comparable outcomes to traditional MD for
pain improvement and clinical outcomes 1 year postoperation. In addition, PELD enables
shorter hospital stays and faster recovery in the immediate postoperative period. Although
an IPD leads to a prolonged operative time, more bleeding, and extended hospital stays, its
long-term patient satisfaction is similar to that of other procedures. The subsequent effects
of a limited range of motion and decreased disc pressure are a concern. The MD technique
is an effective and efficient operation for symptomatic LDH. As this was a retrospective
study with only 1 year of follow-up, more randomized controlled and prospective trials
would be required to validate our observations.

6. Limitation

This study’s small sample size limits the generalizability of the results. A larger
cohort would provide more reliable data on the efficacy and safety of the treatments.
Additionally, the one-year follow-up may not be long enough to capture long-term out-
comes or complications. A longer follow-up would better assess treatment durability and
late complications.

Future research with more cases and extended follow-up is needed to fully evaluate
these procedures’ long-term effectiveness and safety.

Author Contributions: Data curation, C.-C.L., H.-Y.C. and H.-Y.C,; Validation, C.-C.L.; Supervision,
C.-CL., H-Y.C, H-LL. and C.-H.C,; Resources, W.-S.J.; Investigation, W.-S.].; Methodology, H.-L.L.;
Software, C.-H.C.; Visualization, C.-H.C.; Writing—original draft, R-M.L., W.-S.J., H.-Y.C., W.-S.].
and C.-H.C.; Writing—review & editing, C.-H.C. and C.-H.Y. All authors have read and agreed to the
published version of the manuscript.

161



J. Clin. Med. 2025, 14, 1925

Funding: This work was supported by the Tainan Municipal An-Nan Hospital, China Medical
University (ANHRF111-49), and China Medical University (CMU111-5-03, CMU112-5-02).

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Ethics Committee of Affiliated Hospital of China Medical University
(protocol code CMUH105-REC2-099 and 2024-10-18).

Informed Consent Statement: Informed consent was obtained from all subjects involved in
this study.

Data Availability Statement: The original contributions presented in the study are included in the
article, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Phan, K.; Rao, PJ.; Ball, ].R.; Mobbs, R.J. Interspinous process spacers versus traditional decompression for lumbar spinal stenosis:
Systematic review and meta-analysis. ]. Spine Surg. 2016, 2, 31-40. [CrossRef]

2. Machado, G.C.; Ferreira, P.H.; Harris, I.A.; Pinheiro, M.B.; Koes, B.W.; van Tulder, M.; Rzewuska, M.; Maher, C.G.; Ferreira,
M.L. Effectiveness of surgery for lumbar spinal stenosis: A systematic review and meta-analysis. PLoS ONE 2015, 10, e0122800.
[CrossRef] [PubMed]

3. Martinez, C.R.; Lewandrowski, K.U,; Ortiz, ].G.; Cuéllar, G.O.; Leén, J.F. Transforaminal Endoscopic Discectomy Combined with
an Interspinous Process Distraction System for Spinal Stenosis. Int. . Spine Surg. 2020, 14, S4-512. [CrossRef] [PubMed]

4.  Tang, S.; Mok, TN.; He, Q.; Li, L.; Lai, X,; Sin, T.H.; Deng, J.; Yu, S.; Li, ].; Wu, H. Comparison of clinical and radiological
outcomes of full-endoscopic versus microscopic lumbar decompression laminectomy for the treatment of lumbar spinal stenosis:
A systematic review and meta-analysis. Ann. Palliat. Med. 2021, 10, 10130-10146. [CrossRef] [PubMed]

5. Caspar, W.; Campbell, B.; Barbier, D.D.; Kretschmmer, R.; Gotfried, Y. The Caspar microsurgical discectomy and comparison with
a conventional standard lumbar disc procedure. Neurosurgery 1991, 28, 78-86, discussion 86-87. [CrossRef]

6.  Gibson, ].N.; Waddell, G. Surgical interventions for lumbar disc prolapse: Updated Cochrane Review. Spine 2007, 32, 1735-1747.
[CrossRef]

7. Bono, C.M.; Vaccaro, A.R. Interspinous process devices in the lumbar spine. J. Spinal Disord. Tech. 2007, 20, 255-261. [CrossRef]

8.  Benzel, E.C; Mroz, T. Interlaminar spacers: Looks good, smells bad. World Neurosurg. 2010, 74, 576-578. [CrossRef]

9.  Palmer, S.; Mahar, A.; Oka, R. Biomechanical and radiographic analysis of a novel, minimally invasive, extension-limiting device
for the lumbar spine. Neurosurg. Focus. 2007, 22, E4. [CrossRef]

10. Andersson, G.B. Epidemiological features of chronic low-back pain. Lancet 1999, 354, 581-585. [CrossRef]

11.  Ruetten, S.; Komp, M.; Merk, H.; Godolias, G. Use of newly developed instruments and endoscopes: Full-endoscopic resection of
lumbar disc herniations via the interlaminar and lateral transforaminal approach. . Neurosurg. Spine 2007, 6, 521-530. [CrossRef]
[PubMed]

12.  Ruetten, S.; Komp, M.; Godolias, G. An extreme lateral access for the surgery of lumbar disc herniations inside the spinal canal
using the full-endoscopic uniportal transforaminal approach-technique and prospective results of 463 patients. Spine 2005, 30,
2570-2578. [CrossRef] [PubMed]

13.  Hoogland, T.; van den Brekel-Dijkstra, K.; Schubert, M.; Miklitz, B. Endoscopic transforaminal discectomy for recurrent lumbar
disc herniation: A prospective, cohort evaluation of 262 consecutive cases. Spine 2008, 33, 973-978. [CrossRef]

14. Ruetten, S.; Komp, M.; Merk, H.; Godolias, G. Full-endoscopic interlaminar and transforaminal lumbar discectomy versus
conventional microsurgical technique: A prospective, randomized, controlled study. Spine 2008, 33, 931-939. [CrossRef] [PubMed]

15. Hua, W,; Zhang, Y.; Wu, X,; Gao, Y,; Li, S.; Wang, K,; Yang, S.; Yang, C. Full-Endoscopic Visualized Foraminoplasty and Discectomy
Under General Anesthesia in the Treatment of L4-L5 and L5-S1 Disc Herniation. Spine 2019, 44, E984-E991. [CrossRef]

16. Choi, K.C.; Kim, ].S.; Park, C.K. Percutaneous Endoscopic Lumbar Discectomy as an Alternative to Open Lumbar Microdiscectomy
for Large Lumbar Disc Herniation. Pain Physician 2016, 19, E291-E300.

17.  Gibson, ].N.A.; Subramanian, A.S.; Scott, C.E.H. A randomised controlled trial of transforaminal endoscopic discectomy vs
microdiscectomy. Eur. Spine J. 2017, 26, 847-856. [CrossRef]

18.  Christie, S.D.; Song, ] K.; Fessler, R.G. Dynamic interspinous process technology. Spine 2005, 30, S73-578. [CrossRef]

19.  Zucherman, ].F; Hsu, K.Y; Hartjen, C.A.; Mehalic, T.F,; Implicito, D.A.; Martin, M.].; Johnson, D.R.; Skidmore, G.A.; Vessa, P.P.;
Dwyer, ].W,; et al. A prospective randomized multi-center study for the treatment of lumbar spinal stenosis with the X STOP
interspinous implant: 1-year results. Eur. Spine . 2004, 13, 22-31. [CrossRef]

20. Mariottini, A.; Pieri, S.; Giachi, S.; Carangelo, B.; Zalaffi, A.L.; Muzii, F.V,; Palma, L. Preliminary results of a soft novel lumbar

intervertebral prothesis (DIAM) in the degenerative spinal pathology. Acta Neurochir. Suppl. 2005, 92, 129-131.

162



J. Clin. Med. 2025, 14, 1925

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Kim, K.A.; McDonald, M,; Pik, ].H.; Khoueir, P.; Wang, M.Y. Dynamic intraspinous spacer technology for posterior stabilization:
Case-control study on the safety, sagittal angulation, and pain outcome at 1-year follow-up evaluation. Neurosurg. Focus. 2007,
22, E7. [CrossRef]

Galarza, M.; Fabrizi, A.P.; Maina, R.; Gazzeri, R.; Martinez-Lage, ].F. Degenerative lumbar spinal stenosis with neurogenic
intermittent claudication and treatment with the Aperius PercLID System: A preliminary report. Neurosurg. Focus. 2010, 28, E3.
[CrossRef] [PubMed]

Sénégas, J.; Vital, ].M.; Pointillart, V.; Mangione, P. Long-term actuarial survivorship analysis of an interspinous stabilization
system. Eur. Spine J. 2007, 16, 1279-1287. [CrossRef] [PubMed]

Galarza, M.; Gazzeri, R.; De la Rosa, P.; Martinez-Lage, ].F. Microdiscectomy with and without insertion of interspinous device
for herniated disc at the L5-S1 level. |. Clin. Neurosci. 2014, 21, 1934-1939. [CrossRef] [PubMed]

Tsai, K.J.; Murakami, H.; Lowery, G.L.; Hutton, W.C. A biomechanical evaluation of an interspinous device (Coflex) used to
stabilize the lumbar spine. J. Surg. Orthop. Adv. 2006, 15, 167-172.

Minns, R.J.; Walsh, WK. Preliminary design and experimental studies of a novel soft implant for correcting sagittal plane
instability in the lumbar spine. Spine 1997, 22, 1819-1825, discussion 1826-1827. [CrossRef]

Kim, D.H.; Albert, T.]J. Interspinous process spacers. |. Am. Acad. Orthop. Surg. 2007, 15, 200-207. [CrossRef]

Jang,].S.; An, S.H.; Lee, S.H. Transforaminal percutaneous endoscopic discectomy in the treatment of foraminal and extraforaminal
lumbar disc herniations. J. Spinal Disord. Tech. 2006, 19, 338-343. [CrossRef]

Kapetanakis, S.; Gkantsinikoudis, N.; Charitoudis, G. Implementation of Percutaneous Transforaminal Endoscopic Discectomy in
Competitive Elite Athletes with Lumbar Disc Herniation: Original Study and Review of the Literature. Am. J. Sports Med. 2021,
49, 3234-3241. [CrossRef]

Eum, J.H.; Heo, D.H.; Son, S.K.; Park, C.K. Percutaneous biportal endoscopic decompression for lumbar spinal stenosis: A
technical note and preliminary clinical results. J. Neurosurg. Spine 2016, 24, 602-607. [CrossRef]

Kwon, O.; Yoo, S.J.; Park, ].Y. Comparison of Unilateral Biportal Endoscopic Discectomy with Other Surgical Technics: A Systemic
Review of Indications and Outcomes of Unilateral Biportal Endoscopic Discectomy from the Current Literature. World Neurosurg.
2022, 168, 349-358. [CrossRef] [PubMed]

Ahn, Y,; Lee, S.G,; Son, S.; Keum, H.J. Transforaminal Endoscopic Lumbar Discectomy Versus Open Lumbar Microdiscectomy: A
Comparative Cohort Study with a 5-Year Follow-Up. Pain Physician 2019, 22, 295-304. [CrossRef]

Choi, K.C.; Shim, HK,; Kim, ].S.; Cha, K.H.; Lee, D.C.; Kim, E.R.; Kim, M.].; Park, C.-K. Cost-effectiveness of microdiscectomy
versus endoscopic discectomy for lumbar disc herniation. Spine J. 2019, 19, 1162-1169. [CrossRef] [PubMed]

Dabbs, V.M.; Dabbs, L.G. Correlation between disc height narrowing and low-back pain. Spine 1990, 15, 1366-1369. [CrossRef]
Hentenaar, B.; Spoor, A.B.; Malefijt, J.; Diekerhof, C.H.; den Oudsten, B.L. Clinical and radiological outcome of minimally invasive
posterior lumbar interbody fusion in primary versus revision surgery. J. Orthop. Surg. Res. 2016, 11, 2. [CrossRef]

Narain, A.S.; Hijji, EY,; Duhancioglu, G.; Haws, B.E.; Khechen, B.; Manning, B.T.; Colman, M.W,; Singh, K. Patient Perceptions of
Minimally Invasive Versus Open Spine Surgery. Clin. Spine Surg. 2018, 31, E184-E192. [CrossRef] [PubMed]

White, C.A.M,; Patel, A.V.B.; Butler, L.R.B.; Amakiri, U.O.B.; Yeshoua, B.].M.; Steinberger, ].M.; Cho, S.K.; Kim, ].S. Comparison of
Patient Preference, Understanding, and Sentiment for Minimally Invasive Versus Open Spine Surgery. Spine 2022, 47, 309-316.
[CrossRef]

Chang, H.; Xu, J.; Yang, D.; Sun, J.; Gao, X.; Ding, W. Comparison of full-endoscopic foraminoplasty and lumbar discectomy
(FEFLD), unilateral biportal endoscopic (UBE) discectomy, and microdiscectomy (MD) for symptomatic lumbar disc herniation.
Eur. Spine J. 2023, 32, 542-554. [CrossRef] [PubMed]

Arriba, M.A.P,; Maestre, C.; Martin-Gorrofio, F.; Plasencia, P. Analysis of Long-Term Results of Lumbar Discectomy with and
Without an Interspinous Device. Int. ]. Spine Surg. 2022, 16, 681-689. [CrossRef]

Cai, H,; Liu, C,; Lin, H.; Wu, Z.; Chen, X.; Zhang, H. Full-endoscopic foraminoplasty for highly down-migrated lumbar disc
herniation. BMC Musculoskelet. Disord. 2022, 23, 303. [CrossRef]

Kim, S.K.; Kang, S.S.; Hong, Y.H.; Park, S.W.; Lee, S.C. Clinical comparison of unilateral biportal endoscopic technique versus
open microdiscectomy for single-level lumbar discectomy: A multicenter, retrospective analysis. J. Orthop. Surg. Res. 2018, 13, 22.
[CrossRef] [PubMed]

Chen, C.-M,; Lin, G.-X; Sharma, S.; Kim, H.-S.; Sun, L.-W.; Wu, H.-H.; Chang, K.-S.; Chen, Y.-C. Suprapedicular Retrocorporeal
Technique of Transforaminal Full-Endoscopic Lumbar Discectomy for Highly Downward-Migrated Disc Herniation. World
Neurosurg. 2020, 143, e631-e639. [CrossRef] [PubMed]

Eseonu, K.; Oduoza, U.; Monem, M.; Tahir, M. Systematic Review of Cost-Effectiveness Analyses Comparing Open and Minimally
Invasive Lumbar Spinal Surgery. Int. ]. Spine Surg. 2022, 16, 612-624. [CrossRef] [PubMed]

Jiang, HW.; Chen, C.D.; Zhan, B.S.; Wang, Y.L.; Tang, P; Jiang, X.S. Unilateral biportal endoscopic discectomy versus percutaneous
endoscopic lumbar discectomy in the treatment of lumbar disc herniation: A retrospective study. J. Orthop. Surg. Res. 2022, 17, 30.
[CrossRef] [PubMed]

163



J. Clin. Med. 2025, 14, 1925

45.

46.

47.

48.

49.

50.
51.

52.

53.

Soliman, H.M. Irrigation endoscopic discectomy: A novel percutaneous approach for lumbar disc prolapse. Eur. Spine J. 2013, 22,
1037-1044. [CrossRef]

Cheng, X.; Bao, B.; Wu, Y,; Cheng, Y.; Xu, C.; Ye, Y.; Dou, C.; Chen, B.; Yan, H.; Tang, J. Clinical comparison of percutaneous
transforaminal endoscopic discectomy and unilateral biportal endoscopic discectomy for single-level lumbar disc herniation.
Front. Surg. 2022, 9, 1107883. [CrossRef]

Liu, Z.; Zhang, S.; Li, ].; Tang, H. Biomechanical comparison of different interspinous process devices in the treatment of lumbar
spinal stenosis: A finite element analysis. BMC Musculoskelet. Disord. 2022, 23, 585. [CrossRef]

Gazzeri, R.; Galarza, M.; Neroni, M.; Fiore, C.; Faiola, A.; Puzzilli, F; Callovini, G.; Alfieri, A. Failure rates and complications of
interspinous process decompression devices: A European multicenter study. Neurosurg. Focus. 2015, 39, E14. [CrossRef]
Jansson, K.A.; Németh, G.; Granath, F; Blomgqvist, P. Surgery for herniation of a lumbar disc in Sweden between 1987 and 1999.
An analysis of 27,576 operations. ]. Bone Jt. Surg. Br. 2004, 86, 841-847. [CrossRef]

Wiesel, S.W. The multiply operated lumbar spine. Instr. Course Lect. 1985, 34, 68-77.

Norton, W.L. Chemonucleolysis versus surgical discectomy. Comparison of costs and results in workers” compensation claimants.
Spine 1986, 11, 440-443. [CrossRef] [PubMed]

Schaller, B. Failed back surgery syndrome: The role of symptomatic segmental single-level instability after lumbar microdiscec-
tomy. Eur. Spine J. 2004, 13, 193-198. [CrossRef] [PubMed]

Erbulut, D.U.; Zafarparandeh, I.; Ozer, A.F.; Goel, V.K. Biomechanics of posterior dynamic stabilization systems. Adv. Orthop.
2013, 2013, 451956. [CrossRef]| [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

164



Journal of 7
% Clinical Medicine mI\D\Py

Article

Enhanced Recovery After Surgery Protocols in One- or
Two-Level Posterior Lumbar Fusion: Improving Postoperative
Outcomes

Ji Uk Choi, Tae-Hong Kee, Dong-Ho Lee, Chang Ju Hwang, Sehan Park and Jae Hwan Cho *

Department of Orthopedic Surgery, Asan Medical Center, University of Ulsan College of Medicine 88,
Olympic-ro 43-gil, Songpa-gu, Seoul 05505, Republic of Korea; fairytales2@naver.com (J.U.C.);
taehongkee@gmail.com (T.-H.K.); osdlee@gmail.com (D.-H.L.); baski47@gmail.com (C.J.H.);
birdone86@gmail.com (S.P.)

* Correspondence: spinecjh@gmail.com

Abstract: Background/Objectives: Enhanced recovery after surgery (ERAS) protocols optimize
perioperative care and improve recovery. This study evaluated the effectiveness of ERAS in one-
or two-level posterior lumbar fusion surgeries, focusing on perioperative medication use, pain
management, and functional outcomes. Methods: Eighty-eight patients undergoing lumbar fusion
surgery between March 2021 and February 2022 were allocated into pre-ERAS (n = 41) and post-ERAS
(n = 47) groups. Outcomes included opioid and antiemetic consumption, pain scores (numerical
rating scale (NRS)), functional recovery (Oswestry Disability Index (ODI) and EuroQol 5 Dimension
(EQ-5D)), and complication rates. Pain was assessed daily for the first four postoperative days and at
6 months. Linear Mixed Effects Model analysis evaluated pain trajectories. Results: The post-ERAS
group showed significantly lower opioid (p = 0.005) and antiemetic (p < 0.001) use. No significant
differences were observed in NRS pain scores in the first 4 postoperative days. At 6 months, the
post-ERAS group reported significantly lower leg pain (p = 0.002). The time:group interaction was not
significant for back (p = 0.848) or leg (p = 0.503) pain. Functional outcomes at 6 months, particularly
ODI and EQ-5D scores, showed significant improvement in the post-ERAS group. Complication
rates were lower in the post-ERAS group (4.3% vs. 19.5%, p = 0.024), while hospital stay and fusion
rates remained similar. Conclusions: The ERAS protocol significantly reduced opioid and antiemetic
use, improved long-term pain management and functional recovery, and lowered complication rates
in lumbar fusion patients. These findings support the implementation of ERAS protocols in spinal
surgery, emphasizing their role in enhancing postoperative care.

Keywords: enhanced recovery after surgery; ERAS; lumbar spinal fusion; opioid reduction; antiemetic
use; multimodal analgesia; postoperative outcomes; postoperative pain management; functional recovery

1. Introduction

Enhanced Recovery After Surgery (ERAS) protocols are widely accepted across various
surgical specialties as a method to optimize postoperative outcomes, reduce complication
rates, and shorten the length of hospital stay [1]. This multimodal approach, initially
introduced as “Fast-Track Surgery” by Henrik Kehlet in the 1990s to perioperative care, has
evolved significantly [2]. Since its introduction in 2010, the ERAS Society has developed
evidence-based guidelines tailored to numerous surgical procedures, with an emphasis
on the importance of pre-operative education, early mobilization, multimodal analgesia,
and enhanced nutritional support, which improve surgical outcomes and enhance patient
experiences (http:/ /www.erassociety.org, accessed on 1 March 2024) [1,3-5].

The integration of ERAS protocols into spine surgery, particularly lumbar fusion
procedures, is a recent development [2]. Lumbar fusion remains a painful and complex
surgical procedure despite significant advancements in spinal surgery techniques and a
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deeper understanding of spinal biomechanics [6,7]. Furthermore, it is frequently associated
with considerable postoperative complications and a prolonged recovery period [8,9]. The
increasing complexity of these procedures, combined with an aging population and the
increasing demand for surgical interventions, underscores the critical need to implement
standardized, evidence-based perioperative care protocols to improve recovery outcomes
and reduce healthcare costs [2,10,11].

ERAS protocols can effectively reduce postoperative pain, decrease opioid consump-
tion, and shorten the length of hospital stays following lumbar fusion surgery [2,12].
However, most previous studies have focused on broad patient populations or varied
surgical procedures. Thus, the specific application of ERAS protocols in more narrowly
defined contexts, such as one- or two-level posterior lumbar spinal fusion surgeries (which
are commonly performed in Korea), remains unclear [13,14]. This gap in the literature
underscores the necessity for conducting more focused investigations to determine the
efficacy and safety of ERAS protocols in these specific surgical settings.

Therefore, this study aims to provide a detailed evaluation of the clinical effectiveness
of ERAS protocols specifically in one- or two-level posterior lumbar spinal fusion surgery.
This study strives to generate valuable data that contributes to the existing body of literature
on ERAS by examining the postoperative outcomes. These findings will support the
integration of ERAS protocols in spinal fusion surgery with a more targeted and evidence-
based approach.

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

This retrospective cohort study, conducted at the Asan Medical Center, focused on 98
patients with lumbar degenerative disease who had undergone one- or two-level posterior
lumbar spinal fusion between March 2021 and February 2022. Only patients who had
undergone primary surgery were included. Individuals with degenerative or isthmic
spondylolisthesis, as well as those with spinal stenosis or neural foraminal stenosis requir-
ing fusion surgery, were eligible for inclusion in this study. Patients who had undergone
concomitant procedures such as anterior lumbar interbody fusion (ALIF) or oblique lumbar
interbody fusion (OLIF) were excluded. Thus, 88 patients were included in the final analy-
sis after the exclusion of 10 cases. The ERAS protocol was implemented in September 2021.
The patients were allocated into two groups: those who had undergone surgery before
the implementation of the ERAS protocol (pre-ERAS group, n = 41) and those who had
undergone surgery after its implementation (post-ERAS group, n = 47) (Figure 1).

This study was approved by the Institutional Review Board (IRB) of our institution.
All procedures were conducted in accordance with ethical standards (2022-1632). The ERAS
protocol used for lumbar spinal fusion surgery at our institution is outlined in Table 1. This
protocol follows the general principles of ERAS guidelines, with minor adjustments to
align with our institutional practices [1,3-5,15].

Table 1. Comparison of Pre-ERAS and ERAS protocols in lumbar spinal fusion surgery.

Stage Pre-ERAS Protocol ERAS Protocol

Fasting from midnight.
Just before surgery:

e  Fasting from midnight.
) ° No routine administration of dexamethasone,
Pre-operative Management pregabalin, or celecoxib.

° Limited education and expectation management.

- IV administration of dexamethasone.
- Oral administration of celecoxib and
pregabalin.

Comprehensive education.

° Less standardized pain management. ° Long-acting local anesthetics (bupivacaine) at
° No routine use of long-acting local anesthetics. surgical site.
Intraoperative Management o Focus on general anesthesia and basic e  Tranexamic acid infusion (10 min pre-incision to
pain control. wound closure).
° Maintain normothermia.
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Table 1. Cont.

Stage Pre-ERAS Protocol ERAS Protocol
° Multimodal analgesia.
° Scheduled medications:
° Acetaminophen 1 g IV post-surgery.
. Opioid-based pain control (tramadol, . Antiemetics.
hydromorphone, pethidine) as needed. . PPL
. ° Antiemetics and PPI administration. ° PRN medications:
Postoperative Management o Delayed Foley catheter removal and ambulation. e  Tramadol, Hydromorphone, Pethidine.
° Reliance on opioids, with lesser emphasis on ° POD 1~: Extended-release acetaminophen,
multimodal analgesia. pregabalin, celecoxib, magnesium oxide,
antiemetics, prokinetics.
. Early Foley removal.

° Early mobilization.
° Opioids as PRN.

ERAS, Enhanced Recovery After Surgery; PPI, proton pump inhibitor; PRN, Pro Re Nata (as needed); POD,
postoperative day.

A total of 98 patients
underwent one- or two-level
posterior lumbar
spinal fusion

Pre-ERAS group Post-ERAS group
50 patients 48 patients
(enrollment) (enrollment)

patients who underwent surgery patients who underwent surgery
before September 1, 2021 after September 1, 2021

\Y4

1 patient excluded
- Follow-up loss (n=1)

9 patients excluded
- with ALIF/OLIF procedure (n=5)
- Follow-up loss (n=4)

! v

41 patients 47 patients

Figure 1. Flow diagram for the study sample selection. ERAS, Enhanced Recovery After Surgery;
ALIF, anterior lumbar interbody fusion; OLIF, oblique lumbar interbody fusion.

2.2. Outcome Measures

The primary outcome measure of this study was pain management, as assessed using
the numerical reporting scale (NRS) scores at multiple postoperative time points. The pain
levels were assessed daily over the first four postoperative days (POD 1, 2, 3, and 4) using
the average NRS score for each day to capture daily fluctuations in pain and provide a
comprehensive evaluation of pain control during the critical early recovery period. The
secondary outcome measure included the analysis of pain and functional outcomes at
the 6-month postoperative time point. The NRS scores were recorded at 6 months to
assess long-term pain management. The functional outcomes were evaluated using the
Oswestry Disability Index (ODI) and EuroQol 5 Dimension (EQ-5D) scores recorded at
6 months postoperatively. Additional outcomes included the doses of antiemetics and
opioids required, length of hospital days (HD), POD, complication rates, readmission rates
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within 30 days postoperatively, and fusion rates of the operated segments. The fusion rates
were assessed using computed tomography (CT) at 1 year postoperatively, with fusion
being defined as trabecular bridging within the cage in contact with the upper and lower
endplates and the absence of a radiographic cleft [16].

2.3. Statistical Analysis

Descriptive statistics summarized patient demographics and baseline characteristics.
Continuous variables were expressed as mean and standard deviation and categorical
variables as frequencies and percentages. For the primary outcome of NRS pain scores,
we used a Linear Mixed Effects Model to account for repeated measures and examine
time and group effects. Separate models were fitted for back and leg pain NRS. Post hoc
analyses compared group differences at each time point. Tukey-adjusted p-values for post
hoc pairwise group comparisons at each timepoint in the Linear Mixed Effects Model were
calculated to account for multiple comparisons. Secondary outcomes were analyzed using
paired and independent ¢-tests for continuous variables, and Chi-square or Fisher’s exact
tests for categorical variables. These tests were also used to compare antiemetic and opioid
doses, hospital stay, postoperative days, complication rates, readmission rates, and fusion
rates between groups. A p-value less than 0.05 was considered statistically significant. All
analyses were performed using SPSS version 21 (IBM, Armonk, NY, USA).

3. Results
3.1. Demographics

Table 1 presents the demographic data and preoperative characteristics. No significant
differences were observed between the pre-ERAS and post-ERAS groups in terms of age
(p = 0.201); sex (p = 0.666) or other comorbidities, such as hypertension, diabetes, heart
disease, and smoking status (Table 2).

Table 2. Demographics.

Pre-ERAS (n = 41) Post-ERAS (n = 47) p-Value
Male 14 (34.1) 14 (29.8) 0.666
Age 65.2 (£11.1) 67.8 (£8.0) 0.201
Height 158.67 (+8.06) 157.52 (4+7.80) 0.501
Weight 63.98 (+12.66) 62.96 (+£10.21) 0.678
BMI 25.30 (£3.81) 25.32 (£3.44) 0.980
HTN 22 (53.7) 25 (53.2) 0.966
DM 6 (14.6) 14 (29.8) 0.087
Heart disease 2 (4.9) 4(8.5) 0.506
Liver disease 1(2.4) 1(2.1) 0.353
Pulmonary disease 1(2.4) 3(6.4) 0.381
Cancer 4 (9.8) 4(8.5) 0.842
MDD 2 (4.9) 2 (4.3) 0.890
Smoking 5(12.2) 5 (10.6) 0.678

ERAS, Enhanced Recovery After Surgery; HTN, hypertension; DM, diabetes mellitus; BMI, body mass index;
MDD, major depressor disorder. Values are presented as number (%) of patients or mean (£ SD) unless other-
wise indicated.

3.2. Primary Outcomes

Analysis of the pain scores, measured using NRS, revealed consistent trends of lower
pain scores in the post-ERAS group compared with that in the pre-ERAS group at most
time points. No significant difference was observed between the two groups in terms of
the pre-operative back pain scores (p = 0.056). The back pain scores on days 1, 2, 3, 4,
and at 6 months were lower in the post-ERAS group, but these differences did not reach
statistical significance (all p > 0.05). The most notable difference was observed on the third
postoperative day (2.59 £ 0.21 vs. 2.35 £ 0.20, p = 0.060).

The pre-operative NRS scores for leg pain were comparable between the groups
(p = 0.256). The postoperative leg pain scores in the post-ERAS group were consistently
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lower, but these differences were not statistically significant on days 1, 2, 3, or 4 postopera-
tively (all p > 0.05). However, a significant difference was observed at 6 months postop-
eratively, with the post-ERAS group reporting significantly lower leg pain (3.60 + 0.40 vs.
2.64 £ 0.36, p = 0.002) (Table 3 and Figure 2).

Table 3. NRS in the pre-ERAS and post-ERAS groups.

Pre-ERAS Post-ERAS p Value
Preop 7.20 (+0.22) 6.63 (+0.20) 0.056
Postop#1D 3.20 (£0.21) 2.93 (£0.20) 0.358
. Postop#2D 2.87 (£0.21) 2.25 (40.20) 0.266
NRS Back pain Postop#3D 2.59 (+0.21) 2.35 (+0.20) 0.060
Postop#4D 2.57 (£0.21) 2.36 (£0.20) 0.446
Postop#6M 2.70 (+0.30) 2.06 (£0.28) 0.119
Preop 6.68 (+0.27) 6.88 (+0.26) 0.256
Postop#1D 2.19 (£0.31) 2.33 (£0.30) 0.661
. Postop#2D 2.29 (£0.31) 2.03 (£0.31) 0.301
NRS Leg pain Postop#3D 2.31 (£0.30) 2.14 (£0.30) 0.496
Postop#4D 2.22 (+0.30) 1.77 (£0.30) 0.404
Postop#6M 3.60 (£0.40) * 2.64 (£0.36) * 0.002

NRS, numerical reporting scale; Preop, Preoperative; Postop, Postoperative. Values are presented as mean (95%
CI) unless otherwise indicated. * p < 0.005.

[e)]

(O]

4

Preop POD 1d POD 2d POD 3d POD 4d POD 6m Preop POD 1d POD 2d POD 3d POD 4d POD 6m
NRS Back pain NRS Leg pain

w

N

[EEN

m Pre-ERAS ®Post-ERAS

Figure 2. Comparison between the pre- and postoperative scores.

Further analysis using the Linear Mixed Effects Model showed that the time:group
interaction was not statistically significant for either back pain NRS (p = 0.848) and leg
pain NRS (p = 0.503), indicating that the pattern of pain scores over time did not differ
significantly between the pre-ERAS and post-ERAS groups.

3.3. Secondary Outcomes

Significant improvements were observed in the pre-ERAS and post-ERAS groups at
6 months postoperatively in terms of functional outcomes, as summarized in Tables 4 and 5.
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Table 4. ODI and EQ-5D scores in the pre-ERAS group.

ODI Pre-Operative Postoperative 6 m p-Value
Pain 3.25 (£0.775) 2.38 (£1.746) 0.084
Personal care 2.00 (£0.632) * 0.69 (£0.793) * 0.000
Lifting 3.25 (+£1.065) 3.44 (£1.209) 0.676
Walking 2.57 (£1.284) * 1.07 (£1.439) * 0.016
Sitting 2.50 (£1.095) 1.69 (£1.352) 0.055
Standing 3.56 (£1.153) * 2.06 (£1.526) * 0.005
Sleeping 2.50 (£1.414) * 0.63 (£1.025) * 0.001
Social life 2.94 (£0.854) * 1.50 (£1.211) * 0.000
Traveling 3.00 (£1.195) * 1.07 (£1.223) * 0.001
Sex life - -
Total 27.00 (£7.598) * 14.50 (£7.755) * 0.000
EQ-5D
Mobility 3.44 (£0.814) * 1.81 (40.834) * 0.000
Self-care 2.19 (£0.750) * 1.38 (£0.619) * 0.001
Usual activity 3.19 (£0.911) * 1.69 (£0.704) * 0.000
Pain discomfort 3.88 (+0.719) * 3.00 (£1.265) * 0.039
Anxiety depression 2.25 (£1.000) * 1.38 (+0.619) * 0.001

ODI, Oswestry Disability Index; EQ-5D, EuroQol 5 Dimension (EQ-5D) questionnaire. Values are presented as
mean (£ SD) unless otherwise indicated. * p < 0.005.

Table 5. ODI and EQ-5D scores in the post-ERAS group.

ODI Pre-Operative Postoperative 6 m p-Value
Pain 3.35 (£1.115) * 1.41 (£1.004) * 0.000
Personal care 2.35(+1.412) % 0.47 (£0.624) * 0.000
Lifting 3.35 (£1.272) 3.00 (£1.803) 0.524
Walking 2.59 (£1.417)* 1.47 (£1.663) * 0.025
Sitting 2.65 (£1.057) * 1.29 (£1.404) * 0.001
Standing 3.35 (£1.367) * 1.29 (4:1.448) * 0.000
Sleeping 1.65 (£1.169) * 0.76 (£0.903) * 0.020
Social life 2.82 (£1.185) * 1.41 (£1.661) * 0.008
Traveling 2.35 (£1.539) 2.12 (£2.118) 0.660
Sex life 4.00 (£0.000) 4.00 (£0.000) 1.000
Total 27.33 (£7.898) * 15.27 (£9.098) * 0.003

EQ-5D

Mobility 3.44 (£1.094) * 1.94 (40.854) * 0.000
Self-care 2.38 (£1.025) * 1.19 (40.403) * 0.001
Usual activity 2.63 (£0.806) * 1.75 (£0.683) * 0.002
Pain discomfort 3.75 (£0.931) * 2.13 (£0.719) * 0.000
Anxiety depression 244 (£1.153) * 1.75 (+1.000) * 0.036

ODI, Oswestry Disability Index; EQ-5D, EuroQol 5 Dimension (EQ-5D) questionnaire. Values are presented as
mean (£ SD) unless otherwise indicated. * p < 0.005.

Notable improvements were observed in the following ODI domains in the pre-
ERAS group: personal care (p < 0.001), walking (p = 0.016), standing (p = 0.005), sleeping
(p = 0.001), social life (p < 0.001), and traveling (p = 0.001). A significant reduction in the
total ODI score was observed (p < 0.001). Furthermore, significant improvements were
observed in the following EQ-5D domains: mobility (p < 0.001), self-care (p = 0.001), usual
activity (p < 0.001), pain/discomfort (p = 0.039), and anxiety/depression (p = 0.001).

Significant improvements were observed in the following domains in the post-ERAS
group: pain (p < 0.001), personal care (p < 0.001), walking (p = 0.025), sitting (p = 0.001),
standing (p < 0.001), sleeping (p = 0.020), and social life (p = 0.008). The total ODI score
also exhibited a significant decrease (p = 0.003). The EQ-5D domains exhibiting significant
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improvements included mobility (p < 0.001), self-care (p = 0.001), usual activity (p = 0.002),
pain/discomfort (p < 0.001), and anxiety/depression (p = 0.036).

Substantial functional recovery was observed postoperatively in both groups, with
slightly greater improvements being observed in the post-ERAS group in key domains
such as pain and standing, indicating the positive impact of the ERAS protocol.

3.4. Perioperative Medication

Analysis of perioperative medication usage revealed significant differences between
the pre-ERAS and post-ERAS groups, particularly in terms of the total consumption of
antiemetics and opioids.

The total usage of antiemetics in the post-ERAS group (1.41 amps) was significantly
lower than that in the pre-ERAS group (2.73 amps, p < 0.001). No statistically significant
differences were observed between the post-ERAS and pre-ERAS groups in terms of the
use of individual antiemetics, such as ramosetron and palonosetron (p = 0.074 and p = 0.151,
respectively); however, the overall reduction in antiemetic use in the post-ERAS group
was notable.

Opioid consumption was also significantly reduced in the post-ERAS group. The
mean number of amps of hydromorphone and pethidine administered in the post-ERAS
and pre-ERAS groups were 1.64 and 3.13, respectively, indicating a statistically significant
difference (p = 0.005) (Table 6).

Table 6. Perioperative medication.

Pre-ERAS Post-ERAS
Antiemetic Drug p-Value
Patient Number Ampule Patient Number Ampule
1. Ramosetron 41 2.32(+0.82) 8 1.75 (£0.71) 0.074
2. Palonosetron 10 1.50 (£0.71) 37 1.14 (£0.48) 0.151
3. Macperan 2 1.00 (£0.00) 2 2.50 (£0.71) 0.095
4. Onseran 0 . 1 1.00 (£0.00)
Total 41 2.73 (£1.34) * 44 1.41 (£1.15) * <0.001
Pre-ERAS Post-ERAS
Opioid - - p-value
Patient number Ampule Patient number Ampule
Hydromorphone " “
and Pethidine 23 3.13 * (£2.32) 14 1.64 * (£0.93) 0.005

ERAS, Enhanced Recovery After Surgery. Values are presented as mean (£ SD) unless otherwise indicated.
%
p <0.005.

3.5. Postoperative Outcomes

The comparison of postoperative outcomes between the pre-ERAS and post-ERAS
groups revealed significant improvements in several key metrics following the implemen-
tation of the ERAS protocol.

3.5.1. Hospital Stay and Postoperative Days

No significant differences were observed between the pre-ERAS and post-ERAS
groups in terms of the average HD (9.49 days vs. 9.43 days, respectively; p = 0.814).
Similarly, the number of POD until discharge exhibited a trend toward shorter stays in
the post-ERAS group (5.23 days) compared with that in the pre-ERAS group (5.59 days);
however, this difference was not statistically significant (p = 0.098) (Table 7).
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Table 7. Comparison between the postoperative data.

Pre-ERAS Post-ERAS p-Value
HD 9.49 (£1.33) 9.43 (£1.16) 0.814
POD 5.59 (£1.07) 5.23 (£0.87) 0.098
Re-admission rate 7.3% 4.3% 0.549
Complication rate 19.5% * 4.3% * 0.024
Fusion rate 91.7% 94.7% 0.607

ERAS, Enhanced Recovery After Surgery; HD, Hospital day; POD, Postoperative day. Values are presented as
mean (95% CI) unless otherwise indicated. * p < 0.005.

3.5.2. Complication and Re-Admission Rates

The complication rate in the post-ERAS group exhibited a significant reduction, with
4.3% (two patients) experiencing complications compared with 19.5% (eight patients) in
the pre-ERAS group (p = 0.024). The complications observed in the pre-ERAS group
included delirium (two cases), dural tear (one case), metal failure (one case), sciatica
(two cases), seroma (one case), and urticaria (one case). In contrast, only one case of acute
hepatitis and one case of sciatica were observed in the post-ERAS group, indicating a
substantial reduction in postoperative complications following the implementation of the
ERAS protocol. The re-admission rate did not differ significantly between the two groups
(7.3% in pre-ERAS vs. 4.3% in post-ERAS, p = 0.549) (Table 7).

3.5.3. Fusion Rates

The spinal fusion rates were similar in the pre-ERAS and post-ERAS groups, with
fusion rates of 91.7% and 94.7%, respectively (p = 0.607). This finding suggests that the ERAS
protocol had no adverse effect on the technical success of the spinal fusion surgery (Table 6).

4. Discussion

The implementation of the ERAS protocol in one- or two-level posterior lumbar spinal
fusion surgeries resulted in significant improvements in postoperative outcomes, with the
substantial reduction in the use of antiemetics and opioids being one of the most important
findings. This reduction highlights the effectiveness of the ERAS protocol in managing
postoperative symptoms; furthermore, the role of ERAS in minimizing the risks associated
with opioid use and medication-related side effects is demonstrated.

The use of antiemetics in the post-ERAS group was significantly lower (p < 0.001),
with fewer patients requiring multiple doses. To validate these findings, we conducted post
hoc power analyses for our main outcomes. Our post hoc analysis revealed 99.773% power
to detect the observed mean difference in antiemetic use, strongly supporting the reliability
of this finding. This reduction is particularly meaningful in the context of spine surgery,
wherein the incidence of postoperative nausea and vomiting (PONV) can severely delay key
recovery milestones, such as early mobilization and resumption of oral intake (which are
critical for enhancing surgical recovery) [17]. The incidence of PONV prolongs the recovery
period and increases the likelihood of unexpected hospital admissions, contributing to
higher healthcare costs and patient discomfort [18,19]. The ERAS protocol effectively
minimized the requirement for the administration of antiemetics by optimizing multimodal
analgesia and reducing reliance on opioids, major contributors to PONV. This facilitated
faster recovery and reduced the incidence of medication-related side effects. This outcome
aligns with the ERAS goals of enhancing recovery by reducing complications such as PONV
and promoting early ambulation [3-5,12].

The reduction in opioid use is equally crucial. The opioid consumption in the post-
ERAS group was significantly lower (p = 0.005), with our post hoc analysis showing 96.432%
power to detect this difference. This finding is consistent with the core objective of ERAS,
which aims to limit opioid use by incorporating the use of non-opioid analgesics such
as NSAIDs, acetaminophen, and pregabalin. Effective pain control using fewer opioids
decreases the risk of opioid-related complications, such as respiratory depression and
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gastrointestinal dysfunction. Furthermore, it also mitigates the risk of long-term opioid
dependence [20]. Pain is the predominant symptom reported by adult patients undergoing
ambulatory surgery and the primary cause of unplanned healthcare visits [21]. Pain levels
at 48 h postoperatively are a significant predictor of the ability of a patient to resume
normal activities by day 7 [22]. The patients in the post-ERAS group in this present study
possibly experienced smoother recovery owing to better pain control, which contributed to
earlier mobilization and fewer side effects. Moreover, the effective management of acute
pain plays a crucial role in preventing the transition to chronic pain, which is typically
associated with functional decline, anxiety, and depression [15,23].

No significant differences were observed between the two groups in terms of the
immediate postoperative pain scores (NRS) despite these benefits. This may be attributed
to the fact that a comprehensive multimodal analgesic approach was already in place
before the implementation of ERAS [24,25]. The patients in the pre-ERAS group received
NSAIDs, acetaminophen, pregabalin, short-term narcotics, and patient-controlled analgesia
(PCA) with fentanyl and ketorolac [26]. This may have led to effective pain control in both
groups, making it difficult to detect significant differences in the NRS scores. Furthermore,
variability in pain assessment during the immediate postoperative period owing to patient
discomfort and the fluctuation in physical conditions may have contributed to fluctuating
pain reports. Measures have been taken to address this issue by calculating the daily
average NRS in this present study; however, discrepancies between the pain measured at
the level requiring medication after surgery and NRS measured at periodic measurement
time points may have also contributed to these results.

Interestingly, while immediate postoperative pain scores showed no significant dif-
ferences, our analysis revealed a significant improvement in long-term pain management,
particularly for leg pain. At 6 months postoperatively, the post-ERAS group reported signif-
icantly lower leg pain scores compared to the pre-ERAS group (3.60 £ 0.40 vs. 2.64 & 0.36,
p = 0.002). However, our post hoc analysis showed only 25.520% power for this outcome,
indicating that these results should be interpreted cautiously and larger studies are needed
to confirm this finding.

To further understand the pain trajectory over time, we conducted a Linear Mixed
Effects Model analysis. This analysis showed no significant time:group interaction for both
back pain NRS (p = 0.848) and leg pain NRS (p = 0.503). These results indicate that the
effect of the ERAS protocol remained relatively consistent over time, suggesting a sustained
benefit throughout the recovery period that culminated in significantly lower leg pain at
6 months.

The discrepancy between short-term and long-term pain outcomes observed in our
study is intriguing and warrants further investigation. It is possible that the cumulative
effects of various ERAS components, such as early mobilization, optimized nutrition, and
patient education, contribute more significantly to improved long-term pain management
than to immediate postoperative pain control. This finding suggests that the ERAS pro-
tocol may have a more pronounced effect on long-term pain management rather than
immediate postoperative pain control. Future studies should focus on identifying which
specific elements of the ERAS protocol are most influential in promoting long-term pain
reduction, while also exploring ways to enhance its impact on immediate postoperative
pain management. These studies should also aim to increase statistical power, particularly
for long-term pain outcomes, to provide more definitive conclusions. The postoperative
pain scores remained comparable; however, the functional outcomes exhibited significant
improvements in the post-ERAS group. The post-ERAS group demonstrated better scores
in terms of the ODI and EQ-5D scores, particularly in domains such as pain, standing, and
quality of life, at 6 months postoperatively. Significant improvements were observed in
ODI domains, such as pain (p < 0.001), personal care (p < 0.001), walking (p = 0.025), and
standing (p < 0.001). Consistent with the findings of earlier studies, these results indicate
that the ERAS protocol can enhance therapeutic outcomes more effectively and contribute
to long-term functional recovery [27].
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The implementation of the ERAS protocol in our study showed promising results in
terms of postoperative outcomes, including a notable reduction in complication rates from
19.5% in the pre-ERAS group to 4.3% in the post-ERAS group (p = 0.024). However, it is
important to interpret these findings with caution due to the retrospective nature of our
study and potential confounding factors.

In this retrospective study, we took several measures to minimize potential selection
bias between the pre- and post-ERAS groups. We implemented strict inclusion and exclu-
sion criteria, with all patients undergoing one- or two-level posterior lumbar fusion at a
single institution. To reduce potential bias from the surgeon’s skill improvement over time,
we kept the study period relatively short, from March 2021 to February 2022. We used
consecutive sampling and compared baseline demographic and clinical characteristics to
ensure no significant differences between groups.

Despite these efforts, the retrospective design and relatively small sample size limit our
ability to draw definitive conclusions about the direct impact of ERAS on complication rates.
The observed lower complication rate in the post-ERAS group might have been influenced
by factors unrelated to the ERAS protocol itself, such as inherent patient variability or
unaccounted perioperative care improvements. For instance, the reduced incidence of
dural tears and metal failures, which are less likely to be directly influenced by ERAS
protocols, suggests that the difference in complication rates may not be solely attributed to
the protocol’s implementation.

Nevertheless, the significance of our findings lies in demonstrating that the adoption
of ERAS protocols, which emphasize early recovery and reduced length of hospital stay, did
not lead to an increase in complication rates in the post-ERAS cohort. This is a noteworthy
outcome, considering that early mobilization and accelerated recovery pathways have
traditionally been associated with concerns regarding increased complications. The fact
that the complication rates remained low, despite the implementation of a more aggressive
postoperative recovery strategy, suggests that ERAS protocols can safely enhance recovery
without compromising patient safety.

These results are consistent with previous studies showing that ERAS protocols can
improve recovery and minimize the need for interventions associated with adverse ef-
fects [2,12]. Our findings support the notion that ERAS protocols can be safely implemented
in lumbar fusion surgeries, potentially offering the benefits of faster recovery and shorter
hospital stays without increasing the risk of complications.

No significant differences in length of stay (LOS) or readmission rates were observed
between the two groups in this present study. This outcome may have been influenced by
institutional policies and administrative factors during hospitalization. Our institution, a
tertiary hospital, had already established a target for discharge on the third postoperative
day, even before the implementation of the ERAS protocol. The patients were transferred
to a rehabilitation facility or discharged home depending on their condition. Nevertheless,
the similar re-admission rates confirm that the ERAS protocol did not increase the risk of
postoperative complications after discharge, thereby reinforcing its safety and effectiveness.
Early mobilization after spinal surgery and other major procedures is associated with a
shorter LOS [28,29]. Thus, encouraging earlier and more consistent ambulation in the
future could further reduce the duration of hospital stay.

The fusion rates in the pre-ERAS and post-ERAS groups were also similar (p = 0.607),
indicating that the implementation of the ERAS protocol had no negative effect on the tech-
nical success of spinal fusion surgery. This finding supports the implementation of ERAS
protocols, as they enhance perioperative care without compromising the surgical outcomes.

Future studies will focus on the implementation and evaluation of the Second Gener-
ation ERAS Protocol, which incorporates several novel components designed to further
enhance patient recovery, at our institution. The key features include pre-operative anemia
management, reduced preoperative fasting, administration of dexamethasone on the day
of the surgery and the first postoperative day, early sitting and mobilization, and early
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initiation of oral nutrition. These studies are underway, and the outcomes will be reported
in subsequent publications.

Certain limitations of this present study must be considered. First, causality cannot
be established, and unmeasured factors may have influenced the results as this was a
retrospective cohort study. Furthermore, the single-institution, single-surgeon design limits
the generalizability of the findings to other settings or practices. Larger multi-center studies
must be conducted to enhance external validity. The sample size, although sufficient
for analysis, may also limit the broader applicability of the findings. Variability in the
pain scores assessed using the NRS, which relies on patient-reported outcomes, may have
affected the accuracy of pain measurements, particularly during the early postoperative
period [24]. Lastly, the hospital policy of discharging patients on day 3, regardless of
recovery status, may have restricted the observation of potential reductions in the LOS.

Nevertheless, this present study has several strengths. The effects of the ERAS protocol
could be evaluated within a well-defined surgical context by focusing on a homogeneous
patient population, specifically patients undergoing one- or two-level posterior lumbar
spinal fusion surgeries. This homogeneity reduced the potential effects of confounding
variables, which are often observed in studies involving more complex procedures, thereby
improving the internal validity of our findings. In addition, unlike those of previous
studies, the objective comparison of opioid and antiemetic drug usage performed in this
present study provided quantifiable metrics, adding a layer of objectivity to the analysis. A
more reliable evaluation of the impact of the ERAS protocol on perioperative care could be
achieved by measuring the precise dosages of these medications.

The single-surgeon and retrospective design impose some limitations; however, the
focus of this present study on a specific patient group and its objective data on drug use
provides valuable insights into the effectiveness of the ERAS protocols in spine surgery.

5. Conclusions

The implementation of the ERAS protocol in one- or two-level posterior lumbar
spinal fusion surgeries demonstrated several benefits. Our study shows that this protocol
significantly reduces antiemetic and opioid use while potentially improving long-term
pain management and functional recovery. Importantly, these benefits were achieved
without increasing complication rates, underscoring the safety of the ERAS protocol in this
surgical context.

These findings contribute to the growing body of evidence supporting the effectiveness
and safety of ERAS protocols in spinal surgery, while also highlighting areas for potential
optimization. Our results underscore the importance of considering both short-term and
long-term outcomes in evaluating these protocols, supporting their wider implementation
to enhance postoperative care and patient outcomes in spinal procedures.
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Abstract: The lumbar degenerative cascade is a pathological process that affects most of
the aging adult population and has significant negative economic consequences. Lum-
bar fusion surgery remains a mainstay of treatment for refractory degenerative disease
but carries significant long-term consequences. More recently, lumbar arthroplasty and
motion-sparing technology has become an increasingly popular alternative surgical option
in carefully indicated patients. Arthroplasty technology carries the theoretical benefits of
spinal segment motion preservation and decreased degeneration of adjacent segments as
compared to traditional fusion procedures. This article will review the lumbar degenerative
cascade and its related anatomic considerations, current management strategies and the
challenges surrounding lumbar spinal fusion, including adjacent segment disease. This arti-
cle will also review the theoretical benefits of lumbar arthroplasty and motion preservation.
Furthermore, this paper will highlight the current state of lumbar arthroplasty, including
current concepts of implant design, limitations, outcomes and ongoing development. It
will review the development and current state of artificial disk arthroplasty, total joint
arthroplasty and posterior column motion-preserving implants, including flexible rods and

facet joint replacement.
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1. Introduction

Degeneration of the lumbar spine is a significant contributor to disability throughout
the world, with an incidence of 3.63% worldwide [1]. Lumbar degeneration is a complex
process which encompasses disk degeneration, lumbar spinal stenosis, facet arthropathy
and deformity [2]. The degenerative process involves the complex interplay between the
anterior and posterior column and presents a challenge for management as there may be
numerous pain generators involved. The resultant low back pain can have a major impact

on function and quality of life [3].

To date, the most common surgical strategy for lumbar degeneration is lumbar fusion,
which has long been considered the gold standard [4]. Despite the segmental loss of
motion that occurs with fusion, the lumbar spine, unlike the appendicular skeleton, can
compensate for loss of motion with a compensatory increase in the adjacent segments,
reducing the functional burden of arthrodesis in the short term and leading to an acceptable
clinical result. Furthermore, rapid advances in spinal fusion technologies have in part
driven the use of fusion in practice [5]. Despite its widespread use, spinal fusion has
drawn scrutiny over its multiple drawbacks, including pseudoarthrosis, adjacent segment
pathology, hardware failure and additional surgery. Given these factors, there has been

long-standing interest in motion-preserving surgery [6,7].
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The concept of motion preservation in lumbar spine surgery has made several tech-
nological and clinical advances and has shown promising results in the literature, but
widespread adoption remains limited. This has been due to several factors, mainly con-
cerns over the longevity of arthroplasty implants and potential need for revision. Fur-
thermore, the triad of joints that make up a single spinal level complicates the prospect
of resurfacing and motion preservation from an implant development standpoint and
from the perspective of patient selection. For example, concomitant facet arthropathy in
the setting of disk degeneration would contraindicate isolated disk arthroplasty which
would not address the degeneration of the posterior column. These considerations make
patient selection and surgical indications challenging. Despite these hurdles, there have
been several significant advances and milestones reached in lumbar arthroplasty, which
will likely accelerate the use of arthroplasty implants in the coming years [5]. This article
will provide a narrative review of the historical and current concepts along with the future
direction of lumbar arthroplasty.

2. Materials and Methods

In this narrative review, the historical background, current concepts and future di-
rection of lumbar arthroplasty will be described and discussed. To this end, current data,
along with case reports and articles of historical significance, will be utilized to illustrate
the historical context, current concepts and clinical experience thus far.

This article will discuss the current concepts of the lumbar degenerative cascade and
the anatomical effects on the disc, ligaments and facet joints; the theoretical benefits of
lumbar arthroplasty and motion preservation; and the disadvantages of spinal fusion.

Furthermore, the review will address specific implant categories, including artificial
lumbar disc arthroplasty, facet joint replacement, dynamic stabilization and total joint
arthroplasty. We will discuss implant designs, along with the respective advantages and
disadvantages of each.

3. Current Concepts on the Lumbar Degenerative Cascade and the
Anatomical Effects on the Disc, Ligaments and Facet Joints

Spine degeneration is a complex process which occurs with aging but can also occur
independently in the setting of early degeneration [2]. The lumbar spine is a three-joint
complex with intervertebral discs and two facet joints which biomechanically collaborate
to distribute physiologic loads and stresses [8]. In the lumbar spine, the facet joints are
designed to prevent rotational instability while providing flexibility in the sagittal plane.
The interplay between the anterior and posterior columns is complex and has been well
studied throughout the past decades.

The degenerative cascade was described by Kirkaldy-Willis in the 1970s and predicably
follows a three-phase process. In phase one, trauma in the form of torsional stress causes
damage to the anulus fibrosus, which weakens the circumferential structure of the annulus.
This leads to instability in the disk in phase two, at which point the nucleus pulposus
can migrate, leading to a loss of disk height, or the nucleus migrates through the anulus,
which occurs in the setting of a herniation. In either case, the compensatory re-stabilization
process leads to increased bony hypertrophy in the form of osteophytosis [9].

In comparison, during normal aging, disk degeneration can occur following a three-
phase molecular pattern. In phase one, there is an accumulation of molecular damage to
protein and DNA structures the intervertebral disk over time. Subsequently, in phase two,
there is a resultant change in the ECM of the disk, which in phase three, leads to a loss of
biologic structure and function of the disk, with compensatory bone changes and increased
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stresses placed on the facet joints. The compensatory changes that then occur in the facet
joints include facet degeneration and arthropathy [2].

More recently, the interplay between the intervertebral disk and facet joints has been
better elucidated. Studies involving MRI review of the lumbar spine over time have demon-
strated the interplay between disc degeneration and facet tropism. In many cases, disk
degeneration appears to precede facet degeneration, with facet arthropathy occurring as a
result of microinstability at the intervertebral disk [8]. Instability at the intervertebral disk
and the subsequent imbalance in kinematic forces places increased strain on the facet joints.
The facet joint undergoes synovitis, cartilage destruction, capsular laxity and, ultimately,
instability. This cascade of changes leads to degenerative rotational and translational defor-
mities, such as degenerative spondylolisthesis and degenerative scoliosis [9,10]. In other
cases, a posterior-to-anterior cascade of degeneration has been observed. MRI studies have
shown that variations of facet morphology appear to correlate with early disk degenera-
tion and concomitant facet degeneration, suggesting that variations in facet morphology
may alter the stress distribution on the intervertebral disk and play a role in accelerating
disk degeneration [8]. Regardless of the degenerative pathway, lumbar degeneration may
involve either the anterior column, the posterior elements or both, and treatment strategies
need to be tailored to best address the pathology involved.

4. Disadvantages of Spinal Fusion

In the orthopedic treatment of degenerative joints of the appendicular skeleton,
arthrodesis has been largely abandoned in favor of arthroplasty. Management of spine
degeneration has been an exception, with fusion of the diseased spinal level remaining
the gold standard for surgical management. Fusion of the lumbar spine is accepted as a
reasonable treatment of spine degeneration, since adjacent levels can compensate for the
fused level, reducing the impact of arthrodesis on functional motion and resulting in a
clinically acceptable outcome [11]. Despite being the standard of care, lumbar spinal fusion
has several well-established complications, including pseudoarthrosis, hardware failure
and adjacent level degeneration [3,12]. These post-operative complications lead to poor
and often dreaded outcomes that commonly lead to a need for revision surgery.

Adjacent segment degeneration occurs in response to the loss of motion above and/or
below a fused level. The increased stresses placed on the adjacent levels in compensation
for loss of motion at the fused level lead to accelerated degeneration at the adjacent levels.
This is a significant concern following lumbar fusion and is a common cause of revision
surgery [11]. Adjacent segment degeneration (ASDe) is defined as the radiographic changes
that occur at the levels adjacent to a fused level, including disk height collapse of >20%
and disk wedging > 5 degrees [13]. Adjacent segment disease (ASDi), by comparison, is
defined as radiographic degeneration with concomitant symptomatic worsening. ASDi has
been defined as the radiographic findings of ASDe in the setting of an Oswestry disability
index score with a >20 increase from baseline and VAS score > 5 for back or leg pain at
follow-up [14].

Pseudoarthrosis, another feared complication of spinal fusion, occurs when bony
fusion fails to occur and pseudoarthrosis forms. Incidence of pseudoarthrosis has de-
creased over time as fusion techniques have improved; however, this remains a common
complication of lumbar fusion with an incidence of 5-15% [15]. Similarly, hardware failure
rates have also decreased over time with advances in implant technology but also remain
a risk following lumbar fusion. Irmola et al. found a revision rate of 12.5% in a cohort of
433 consecutive lumbar fusion patients [16].

Given the significant complications which plague spinal fusion, it is not surprising
that clinical success at 5 years is only 51% [3]. Concerns regarding these outcomes have
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driven an increased interest in motion-preserving treatments which has parallelled the
rapid development in fusion technologies and surgical techniques.

5. Theoretical Benefits of Lumbar Arthroplasty and Motion Preservation

Many of the complications of spinal fusion center around the loss of motion at the
fused level, adding to the appeal of motion-sparing surgery. Treatment of the degenerate
joint while maintaining motion would, in theory, reduce the stresses placed at the adjacent
levels at a minimum, and at best, restore native biomechanical strain. Furthermore, a
motion-preserving construct eliminates the need to achieve bony fusion and the concern
of pseudoarthrosis. In practice, these once-theoretical goals have been demonstrated in
practice over the past decades as arthroplasty technologies have advanced; however, the
literature has been limited thus far.

Successful motion preservation with lumbar arthroplasty as a proof of concept was
demonstrated in several studies [11,17]. In a prospective cohort study by Rasouli et al. [17],
159 patients underwent adjacent two-level (n = 114), three-level (n = 41) or four-level
(n = 4) lumbar total disk replacement (TDR). Patients were followed, and VAS-S, VAS-P,
Oswestry disability index and sagittal motion on pre- and post-op radiographs at both
the operative segments and adjacent segments were recorded. Patients were followed at
6 weeks, 3 months and annually from 2 to 6 years. At pre-operative radiograph, across
motion segments for both groups, the mean ROM was 10.15 & 2.71 degrees pre-operatively
versus 12.30 4= 2.25 degrees post-operatively. Motion was improved at all segments ex-
cept for L5-S1, where the mean pre-operative motion was 7.60 + 3.90 versus 5.81 + 3.1
post-operatively. Importantly, in the segment adjacent to the TDR, the mean pre-operative
ROM was 8.20 £ 2.88 degrees compared with the ROM at the latest follow-up, which was
8.40 & 2.4 degrees. Thus, there was no loss of motion demonstrated in the motion of adja-
cent segments in TDR patients at the 6-year follow-up [17]. These findings helped to propel
lumbar arthroplasty beyond proof of concept to a viable motion-preserving alternative
to lumbar fusion. Despite these promising findings, the body of evidence is limited, and
additional long-term radiographic and outcome studies are needed to support the concept
of motion preservation and the overall long-term efficacy of lumbar arthroplasty.

6. Artificial Lumbar Disc Arthroplasty

Lumbar disc replacement has become increasingly popular in the past decades as
an alternative to spinal fusion and has been the leading construct in motion-preserving
lumbar spine surgery. Disk replacement only addresses degeneration at the intervertebral
disk; therefore, patients with concomitant facet degeneration are contraindicated, as they
will have continued pain and poor outcomes following an otherwise successful disk re-
placement. In addition to facet degeneration, adequate bone quality, (t score > —1.0) and an
absence of significant deformity are all imperative in candidates for disk arthroplasty [18].
In properly indicated patients, disk arthroplasty has shown success at both short-term
and long-term follow-up [11]. Despite these promising studies, there has been concern
regarding the durability and safety of disk arthroplasty. Concerns largely centered around
the risk of implant stability and durability and the risk associated with revision surgery.
Since most implants require an anterior approach, revision could risk damage to ureter and
anterior vascular structures. A retrospective review by Schwender et al. found that revision
anterior lumbar spine surgery carried a three to five times increased rate of complication
when compared with primary cases [19]. Therefore, the risks of revision surgery have made
durability and stability paramount factors in implant development. As the field cautiously
advances, there are several implants that have been widely used and have paved the way
for motion-preserving lumbar spine surgery.
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The lumbar disc replacement was first developed in 1982 in Germany with the Char-
ité artificial disc. The device consisted of an ultra-high-molecular-weight polyethylene
(UHMWPE) core positioned between two polished metal end plates. The endplates fea-
tured 11 teeth used to anchor the device to the native vertebral endplate [20]. The second
generation of the device featured two lateral wings with five anchoring teeth. The second-
generation device experienced fractures in the end plate and was ultimately abandoned
for a third-generation device developed in conjunction with Waldemar Link Gmbh & Co,
(Hamburg, Germany). The Charité implant was later FDA approved in the US in 2004 and
gained popularity following a prospective multicenter randomized controlled trial under
FDA IDE status, which examined the Charité implant against a posterior fusion cohort.
In the study, 304 patients from 14 centers were randomized into an arthroplasty group or
control instrumented ALIF group at a 2:1 ratio. The outcome measures, including back
pain, the Oswestry disability index and SF36 health surveys, were assessed at 6 weeks and
3, 6, 12 and 24 months post-operation. At each time point, the arthroplasty group had
lower levels of disability and pain, with the exception of 24 months, which resulted in equal
scores for pain. The arthroplasty group had a 1 day shorter hospital stay and expressed
higher satisfaction and willingness to have the same procedure again compared to the ALIF
group [21]. These results propelled disk arthroplasty forward in the spine community as a
reasonable alternative to fusion in the appropriate patient.

Currently, there are two disk implants which are FDA approved for use in the US, the
ProDisc-L (Centinel Spine, West Chester, PA, USA) and the activeL (Aesculap/B. Braun,
Center Valley, PA, USA), approved for two and one levels, respectively, with five other
implants on the global market CE marks for use in Europe: the Baguera® L (SpineArt,
Geneva, Switzerland), M6-L Artificial disk (Orthofix, Lewisville, TX, USA) Freedom®
Lumbar disk (Axiomed, Malden, MA, USA), LP-ESP® Lumbar disk prosthesis (Spine
Innovations, Ecully, France), Orbit™ Anterior Lumbar disk (Globus Medical, Audubon, PA,
USA) Aditus Lumbar Disk Prosthesis (Aditus Medical, Berlin, Germany) and Mobidisk® L
Lumbar disk prosthesis (HighRidge medical, Westminster, CO, USA).

The ProDisc-L, (Centinel Spine, West Chester, PA, USA) (Figure 1) is a semi-constrained
ball-and-socket design currently FDA approved for one-level or two-consecutive-level
arthroplasty L3-S1. The device features a midline keel on both the superior and inferior
cobalt chrome alloy endplates which house the ultra-high-molecular-weight polyethylene
inlay. Both the implant footprint and lordotic angle are offered in variable sizes. The devices
performed well with an FDA investigational device exemption study which compared
single-level (between L3 and S1) and 360-degree spinal fusion. Single-level TDR patients
treated with the ProDisc-L experienced 0% major complications, significantly higher SF36
scores, neurologic success and VAS pain scores, along with higher improvement in ODI
for pain and disability scores than the fusion cohort [22]. In terms of adverse events, the
device demonstrated a favorable safety profile, with persistent back pain being a leading
complication but at lower rates than in their fusion counterparts. The early successful
outcomes of the implant led to its FDA approval for use in two contiguous levels in 2020 [5].
The longevity of the device and lumbar disk arthroplasty at large were recently validated in
a 7-21-year follow-up by Marnay et al. In this study, 1187 patients were reviewed who had
undergone one-level (n = 772) and two-level (n = 415) TDRs. Notably, of the entire group,
373 patients had undergone prior surgery at the index level. All groups demonstrated
marked improvements in ODI at 3 months and sustained the improvement over time,
with no difference in pain scores in patients who had undergone prior surgery. Rates of
revision surgery and adjacent level surgery were also low at 7 (0.67%) and 21 (1.85%) years,
demonstrating the long-term clinical efficacy and durability of the ProDisk-L for TDR [11].
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This study confirmed, in the long term, a low revision rate with TDR which had been seen
in earlier short-term studies.

Figure 1. Prodisc® L (courtesy of FDA SSED: https:/ /www.accessdata.fda.gov/cdrh_docs/pdf5/P0
50010S020B.pdf (accessed on 24 March 2025)).

Additionally, a retrospective review of 2141 patients over a 20-year period found a
1.26% revision/removal rate. Twenty-five patients (0.99%) had implants removed (twelve
patients for loosening or implant migration, three following trauma, two for ongoing
pain, two for lymphocytic reaction, one for implant sizing, one for vertebral body frac-
ture, one for implant subsidence with facet arthrosis, one for a lytic lesion and one for
infection); three patients (0.12%) underwent revision to a second arthroplasty (one for core
repositioning, one for core replacement due to wear and one for implant repositioning).
A subset of 258 patients with a minimum 15-year follow-up were surveyed and only
1 patient underwent revision/removal after 15 years post-implant [23]. Overall, the study
reiterated the longevity of these implants despite initial concerns regarding reoperation.
A 2024 meta-analysis reviewing complications and clinical outcomes in lumbar disk re-
placement and interbody fusion was also promising in terms of reoperation risk and overall
noninferiority to fusion. The 2024 retrospective study involving 1720 patients revealed
no difference in EBL, length of stay, OR time, ODI leg pain, complications and reopera-
tions between total disk replacement and lumbar fusion groups. However, the total disk
replacement group had lower back pain scores [3].

Currently, in the US, FDA approval has been limited to two-level TDR. However,
there has been some conflicting evidence on two-level TDR success. A 2007 study placed
99 patients into 3 groups, one-level TDR at L4-5, (n = 22), one-level TDR at L5-S1 (n = 57)
and two-level TDR at L4-5 and L5-S1 (n = 20), and followed them to 24 months. The
two-level fusion group had a significantly higher complication rate than the single-level
group. Also of note is that this study confirmed, via fluoroscopic guided spine infiltrations,
that the incidence of post-operative back pain from posterior joint structures was 9.1%
(n =2) for L4-5 TDR, 28.1% (n = 16) for L5-S1 TDR and 60.0% (n = 12) for two-level TDR
(L4-5 + L5-5S1) [24]. Findings such as these demonstrate a possible limitation of expanding
TDR to multiple levels and also serve as a reminder of the innate inability of isolated TDR
to address the posterior column. Despite these findings, recent multi-level studies have not
redemonstrated a difference in one- vs multi-level TDR. In the above-mentioned trial by
Rasouli et al., multi-level TDR patients uniformly demonstrated improved clinical outcome
scores. Furthermore, the study also included 41 three-level TDR cases and 4 four-level
cases, all of which demonstrated similar improvements in satisfaction and VAS pain scores
at 24-72 months. These results are promising for the expansion of FDA approval to three
levels; however, FDA trials have not yet addressed three-level implantation [5].
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7. Facet Joint Replacement

While there were early patent applications for facet arthroplasty in the 1980s, the
Graf ligament device was one of the earliest attempts at posterior dynamic stabilization
and was implanted via the tension band construction of braided polypropylene against
titanium pedicle screws of adjacent levels [25]. The goal was to control rotary movement
in young patients with axial back pain. Grevitt et al. reported improved ODI scores (59%
to 31%) in a retrospective cohort of 50 patients at 2 years [26]. Similarly, Markwalder et al.
found improvement in subjective pain perception in (37/41) 90% of patients. However, the
design is plagued by resultant lateral canal stenosis, segmental lordosis and early failure
in 72% of patients by 2 years, likely due to altered biomechanical strain of the posterior
column [27,28]. While this design may be appropriate for patients with spondylolisthesis,
it should not be employed in settings of scoliosis or lateral listhesis.

The Total Facet Arthroplasty System (TFAS) (Archus Orthopaedics, Redmond, WA,
USA) was designed as an anatomic facet joint arthroplasty system. The design included
cement-augmented pedicle screw insertion to anchor the device, which utilizes high-
carbon-content cobalt chromium bearings articulating with cobalt chromium spheres to
replicate the motion and stability of the facet joints [29] (Palmer et al., 2011). Unfortunately,
the system experienced two cases of rod fracture in early clinical trials. The design was
ultimately discontinued during phase III clinical trials in light of the hardware failures and
following the financial acquisition of Archus in 2009 [30].

Similar to TFAS, however, the Anatomic Facet Replacement System (AFRS) (Facet
Solutions Inc., Logan, UT, USA) was an anatomically designed facet prosthesis also uti-
lizing pedicle screw fixation to affix wear-resistant alloy cobalt-chromium molybdenum-
articulating surfaces. A finite element analysis (FEA) and parallel in vitro biomechanical
study from 2007 demonstrated that the AFRS can predictably restore native facets and
intradiscal pressures throughout the spinal range of motion [31]. This datum suggested
that the device may be able to restore native biomechanics and therefore restore native
adjacent segmental motion, theoretically reducing abnormal contact stress and lowering
the risk of adjacent segment disease. Sjovold et al. produced a second FEA and parallel
biomechanical study to evaluate the pull-out strength of the implant compared to a rigid
posterior fusion construct [32]. The group found that rigid fixation devices were subjected
to greater implant loads in extension and lateral bending. They also confirmed a normal
intradiscal pressure through the range of motion [32].

The ACADIA device (GLOBUS Medical, Audubon, PA, USA) is a non-anatomic facet
joint replacement system available outside the United States. Dryer et al. conducted
an IDE and performed a prospective randomized trial with 158 patients randomized to
either standard PLIF or the ACADIA trial group [33]. Outcomes demonstrated 52% follow-
up at 2 years and found no significant difference between groups with regards to VAS,
ZCQ and ODI scores from pre-operation to post-operation at 2 years [33]. The group
therefore concluded that the ACADIA implant was a reasonable alternative to PLIF. The
ACADIA implant has not been granted FDA approval in the United States but is available
for elective intervention outside the United States. Notably, a recent case series of five
patients demonstrated a metal-on-metal (MOM)-associated reaction in two (40%) patients
necessitating subsequent explanation with PLIF at less than 2 years post-operation [34]. The
occurrence of metal-on-metal crevice corrosion is a well-documented danger in orthopedic
implant design and may signal a critical design flaw of the ACADIA implant precluding
further utilization and FDA approval [35].

The Total Posterior Spine (TOPS) system (Premia Spine Ltd., Nowalk, CT, USA)
(Figure 2) is a non-anatomic facet arthroplasty system that received FDA approval for use in
the United States for patients between 35 and 80 years of age with grade 1 spondylolisthesis

184



J. Clin. Med. 2025, 14, 3337

of L3-L5 in June, 2023, but has been on the global market since 2012. The device consists
of four pedicle screws placed at adjacent levels with metal plates and a central internal
motion device surrounded by a polycarbonate boot.

Figure 2. TOPS system (courtesy of FDA: https://www.fda.gov/medical-devices/recently-approved-
devices/tops-system-p220002 (accessed on 1 April 2025)).

Smorgick et al. reported 11-year post-operative outcomes for 10 patients who under-
went isolated total facet arthroplasty with the TOPS system for neurogenic claudication and
single-level spondylolisthesis of L4-L5 [36]. The group reported sustained improvements
in VAS (5.6 to 1.4), ODI (49.1 to 17) and SF-36 (43.2 to 70.9) at 11 years compared to their
pre-operative states. Four (36%) patients experienced adjacent segment disc degeneration
by 11 years, without requiring surgery. One early device failure occurred and required
revision at 6 weeks. Results were similar in a separate group of ten patients at 5 years of
follow-up [37].

A multi-staged prospective randomized trial group has demonstrated promising find-
ings over the past several years [38—40]. Patients were randomized to either decompression
and fusion or decompression and total facet arthroplasty. A total of 321 patients were
enrolled and randomized in a 2:1 fashion with 113 arthroplasty (51.6%) and 47 (46.1%)
fusion patients with 2 years of completed follow-up or early failure [40]. The arthroplasty
cohort demonstrated improved VAS (back pain), ODI and ZCQ and lower higher rates
of adjacent segment disease [40]. There was no significant difference in complications
or revision rates (11.5% vs. 10.6%). Of note is that there were no statistical comparisons
of the time points in which complications occurred. Furthermore, 6.8% (14/206) of the
patients in the arthroplasty group suffered a dural tear compared to only 2.2% (2/93) in the
fusion group (p = 0.16). Notably, the rate of adjacent segment disease in the arthroplasty
group was 0% compared to 5% in the fusion group, demonstrating successful proof of
concept despite the concerns surrounding dural tear events [40]. Currently, there is active
monitoring and continued data collection with multiple clinical trials ongoing [38—40].

Future directions for total facet arthroplasty will need to include considerations of long-
term safety; specifically, the TOPS device mechanism will require continued observation.
Based on the present data, there may be a paradoxical increase in adjacent segment disease
within arthroplasty cohorts compared to fusion; however, larger groups and longer follow-
ups will be required. Minimally invasive strategies may also be advantageous for patient
recovery. Similarly, patient-specific implantation and device design that respects the
native facet joint architecture with thoughtful design criteria could also provide improved
patient outcomes.
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8. Dynamic Stabilization

Posterior dynamic stabilization (PDS), as discussed previously, was first described in
the 1980s, with early attempts including the Graf ligament device [25]. The primary goal of
PDS is to allow micromotion for better fusion, decrease rigidity and allow improved load
sharing, which has been associated with decreased risk of ASDi and ASDe. Broadly, PDS
is achieved via 1. altered rod shape, 2. elastic rod materials, 3. polyaxial pedicle screws,
4. semi-dynamic plating devices and 5. unique mechanical constructs, or some combination
of the above. There has been a myriad of devices released to achieve PDS; however, there
are several examples worthy of discussion, notable for both clinical successes and failures,
many of which warrant further investigation.

The Dynamic Neutralization System (Dynesys) was developed in 1994 by Gilles
Dubois (Centerpulse Orthopaedics Ltd., Winterthur, Switzerland), with the first results
formally published in 2002 [41]. This original device was designed to connect standard
pedicle screws with hollow rods made of PCU with PET cords inside the hollow shell,
allowing for flexible multidirectional control [41]. Early indications included spinal stenosis
and DJD. Importantly, this design differed from the Graf ligament because it theoretically
prevented foraminal collapse with spinal extension. The Dynesys received 510 k approval
in 2004; however, it has failed to obtain FDA standalone approval for dynamic stabilization,
largely due to inconclusive data on its efficacy and long-term outcomes.

A recent literature review outlined the short-term, mid-term and long-term results of
the Dynesys device over the past 20 years [42]. Short-term results at 2 years have shown
no significant differences in ODI, VAS, range of motion of adjacent segments or risk of
adjacent segment disease [42,43]. A more recent meta-analysis of mid-term and long-term
time points evaluated 17 studies with 1296 patients which found that the Dynesys patients
experienced more natural index and adjacent level motion associated with improved back
pain compared to the instrumented fusion cohort’s levels [44]. The longest time point
included was 93.6 months, with 58 patients (33 in the Dynesys group), in a study conducted
by Bredin et al. [45]. This retrospective comparative cohort study found significantly better
VAS (1.8 vs. 3.6), ODI (14.6 vs. 19.4) and decreased rates of adjacent segment disease (12.1%
vs. 36%) at final follow-up compared to the rigid instrumented fusion cohort [45].

One prospective randomized controlled trial exists on the product and was completed
in China [46]. Results at 2 years demonstrated significantly greater ROM of the operated
segment without significant differences in VAS and ODI when compared to the fusion
cohort [46]. While the Dynesys device may protect normal spinal motion, large, long-term
level I studies will be critical to elucidate the validity of these preliminary findings.

Although there have been some promising data with the Dynesys, other flexible rod
systems have demonstrated poor outcomes or a need for further monitoring. The Accuflex
Rod System produced by Globus Medical (no longer on the market) was a standard 6.5 mm
titanium rod with a variable circumferential helical cut to allow customized flexibility [47].
Mandigo et al. reported results from 170 patients (54 in the Accuflex cohort) who underwent
posterior instrumented fusion and found similar fusion rates without a difference in clinical
outcomes [47]. However, a report of 20 patients demonstrated fatigue failure at a rate
of 22.22%, requiring revision surgery [48]. The Accuflex Rod System might be prone to
catastrophic mechanical fracture due to cyclic failure and is no longer offered on the US
market and should not be implemented.

The Isobar TTL System (Scient’x) is a titanium rod with a damper component in
the longitudinal axis and first received FDA clearance in 1999. The damper provides
2.25 degrees of angular range of motion in flexion—extension and lateral bending without
axial rotation restriction [49]. Guan et al. recently published a systematic review of current
results for the Isobar system [49]. When evaluating fusion surgery and hybrid fusion
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surgery, the group found greater than 88.5% fusion at final follow-up [49]. Barrey et al.
found a fusion rate of 89% by ten years with stable symptomatic improvement after fusion
with the Isobar system [50]. Importantly, there is a paucity of literature evaluating the rate
of ASD; however, the small cohort in the study conducted by Barrey et al. does report a low
rate of only 44.4% by ten years. Notably, the largest series of patients treated with the Isobar
system was published by Perrin et al., with a collection of 800 patients who underwent
dynamic stabilization, dynamic fusion and hybrid fusion, with an overall fusion rate of
98% without any mechanical complications [51]. In another cohort series by Li et al., the
incidence of adjacent segment disease was 15% (6/40) at 79 months [52]. Unfortunately,
this was a retrospective case series, and there was no direct comparison between PDS
instrumentation and standard rigid fusion instrumentation. Thus, limited data have been
reported on ASD after PDS with flexible rods, particularly Isobar. In short, the Isobar
system may be indicated for young patients with single-level pathology, including spinal
stenosis and spondylolisthesis, and may be better suited for hybrid, non-fusion techniques.
Further high-quality investigations are warranted.

Compared to standard pedicle screws in rigid fixation, dynamic pedicle screws al-
low varying degrees of freedom and motion between the fixation (threaded) and rod
fixation (tulip). Hayati et al. reported on a retrospective cohort series of 101 patients
treated with standard pedicle screw fusion or dynamic pedicle screw fixation and found a
non-significant decreased rate of radiographic adjacent segment disease at 79 months post-
operation in those with dynamic screws [53]. Furthermore, these results did not correlate to
any significant clinical benefit, including VAS, ODI or complication profiles. A prospective
randomized double-blinded multicenter study by Meyer et al. evaluated standard instru-
mented fusion with posterior stabilized and pedicle-based dynamic stabilization without
fusion [54]. The dynamic group received the Cosmic MIA system, which has a hinged
joint between the screw head and the threaded screw, allowing sagittal motion [54]. The
group found that non-instrumented dynamic stabilization was non-inferior to standard
instrumented fusion, with no significant differences between the groups with regard to VAS
and ODI at 24 months. This study may suggest that posterior or posterolateral dynamic
fixation without fusion is a sufficient treatment for DJD of the lumbar spine compared to
standard instrumented fusion [54].

Classic titanium rods have a high modulus of elasticity (110 GPa), which can lead
to immediate segmental stability; however, they may be related to stress shielding and
pseudoarthrosis. Polyetheretherketone (PEEK) is a material with a modulus of elasticity
of only 3.6 GPa, which allows for a more flexible construct, increased load sharing to
the anterior column, improved stress-shielding and, overall, a more natural physiologic
loading of the spinal column [55].

Several meta-analyses exist on the topic of PEEK rod implementation for lumbar
fusion [56,57]. Li et al.’s was the most recent and evaluated eight prospective and seven
retrospective studies comparing rigid titanium rods and PEEK rod stabilization with
intervertebral bone grafting at a minimum of 6 months from surgery [57]. Based on the
random effects model, Li et al. concluded that the PEEK flexible rod group had superior
improvement in VAS, ODI and JOA scores and fusion rates by 12 weeks from surgery
sustained to final follow-up. Critically, while Li et al. (2023) included eight prospective
studies, the level of evidence was limited by retrospective data inclusion and limited
follow-up length. Furthermore, the group was unable to compare the incidence of adjacent
segment disease—the primary theoretical benefit of flexible posterior instrumentation.
Overall, the evidence for PEEK rod implementation remains low quality and should be
improved over time.
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The DSS-HPS® System (Paradigm Spine, Germany) is a unique modular system with
an internal coupler designed to limit spinal range of motion to 50% of the physiologic
motion with an allowed 2 mm of displacement (1.33 mm in tension and 0.66 mm in
compression), maintaining a fixed center of rotation [58]. Paradigm Spine implemented
an internal registry of patient information for the long-term tracking of clinical outcomes;
however, the data remain unpublished and accessible only to Paradigm Spine internal use.
Few studies have been published on clinical outcomes; however, Angelini et al. reported
results of 27 consecutive patients treated with hybrid stabilization [59]. The group found
that 40.7% of the patients experienced disc space degeneration at both the instrumented
levels and adjacent levels at one year after surgery [59]. They concluded that the device
may not function as well as other systems such as the Dynesys with regards to ASD. The
DSS system remains unavailable in the USA.

The landscape of posterior dynamic stabilization is tenuous. While multiple products
are currently available for implementation in lumbar spine surgery, all products with FDA
approval are approved for only single-level instrumentation in grade 1 spondylolisthesis.
Off-label utilization is a common occurrence across many fields in medicine and allows
further investigation and understanding of the use criteria; however, it can cause patient
harm. Future directions for posterior dynamic stabilization systems include attaining
a higher quality of evidence with prospectively designed studies, investigating multi-
segment disease and combination treatment with multi-column fixation and arthroplasty,
among other focused investigational study strategies. From an engineering perspective,
flexible rods present a design challenge in a construct innately at risk for cyclic load failure.
With regard to future development, currently, many companies are creating their own
version of a PEEK rod or other dynamic rod due to its documented success and hope
to gain market share. This competition will ideally lower the cost of implants over time.
Future development of technology such as microsensors for stress/strain evaluation in vivo,
microprocessor dynamic control and patient-specific implants could provide helpful insight
and improve patient outcomes.

9. Total Joint Arthroplasty

Total joint spinal arthroplasty (TJR) involves the replacement of both the anterior
and posterior columns simultaneously from a single approach, including the degenerative
intervertebral disc and facet joints, to relieve pain or neural compression while preserving
motion and spinal alignment. TJR in theory fills the gap left off by isolated disk replacement
as a treatment for patients that have not only disk degeneration but also concomitant facet
degeneration as well. Currently, TJR is indicated for grade 1 spondylolisthesis, recurrent
disc herniation with severe disc degeneration, severe foraminal or central stenosis requir-
ing extensive facet or pars removal and degenerative disc disease with concurrent facet
arthrosis [60]. Contraindications include trauma, tumors, infections, severe deformity
and osteoporosis, with pre-operative bone density assessment recommended to ensure
adequate implant fixation [60]. The only currently available implant for total spinal arthro-
plasty in the US is the MOTUS (3Spine, Chattanooga, TN, USA) (Figure 3), which is used at
levels L1-L2 to L5-S1. The TJR implant is designed to replace both the intervertebral disc
and facet joints while allowing for wide neural decompression. The surgical approach in-
volves a posterior bilateral transforaminal technique, incorporating laminectomy, bilateral
facetectomy and partial discectomy to achieve decompression, followed by implantation of
the MOTUS device to reconstruct the motion segment.

A key consideration in the long-term success of TR of the spine is implant durability,
particularly wear resistance, which directly impacts device longevity and clinical outcomes.
Siskey et al. evaluated the wear performance of a vitamin-E-stabilized highly crosslinked
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polyethylene (VE-HXLPE) lumbar TJR, designed to replace both the intervertebral disc
and facet joints via a posterior approach [61]. Standard wear testing demonstrated a low
mean wear rate of 1.2 & 0.5 mg per million cycles (MC), significantly lower than traditional
anterior disc replacement designs, which range from 2.7 mg/MC to 13.8 mg/MC. Abrasive
wear testing resulted in a similar wear rate (1.1 & 0.6 mg/MC), indicating resistance to
third-body wear. Impingement testing showed slightly increased wear rates, ranging from
1.7 £ 1.1 mg/MC (smallest implant size) to 3.9 £ 1.1 mg/MC (largest size). Importantly,
no mechanical failures were observed, and the VE-HXLPE implant outperformed tradi-
tional ultra-high-molecular-weight polyethylene under similar conditions. These findings
support the FDA-regulated clinical trial of VE-HXLPE TJR and highlight its potential as
a durable, motion-preserving alternative to both fusion and conventional ADRs. The
material’s superior wear resistance and stability suggests it may reduce long-term compli-
cations such as osteolysis and implant failure, which are common concerns with traditional
polyethylene designs.

Polyethylene wear is not the only area where TJR shows promise; early clinical out-
comes suggest it may offer comparable or improved symptom relief and functional recovery
compared to traditional fusion procedures. A recent study by Sielatycki et al. compared
posterior-based lumbar TJR to transforaminal lumbar interbody fusion (TLIF) for degenera-
tive lumbar conditions requiring surgical intervention [60]. The TJR implant was evaluated
for its ability to provide motion preservation while allowing for wide neural decompression.
The study conducted a retrospective analysis of 208 propensity-matched patients, with
52 undergoing TJR and 156 undergoing TLIF. Patient-reported outcomes at 3 and 12 months
post-operation were measured using the Oswestry disability index (ODI) and Numeric
Rating Scale (NRS) for back and leg pain. Both groups showed significant improvements at
3 months, but at 1 year, LTJR continued to show improvements in ODI and NRS scores,
whereas the TLIF group plateaued. Specifically, the LT]R group had a significantly lower
ODI at 12 months (12.4 £ 12.8) compared to TLIF (23.8 + 17.3, p < 0.001), and lower
NRS back pain scores (2.1 £ 2.3 vs. 3.4 £ 2.8, p = 0.006). Further analysis demonstrated
that LTJR patients had 3.3 times greater odds of achieving a minimal clinical symptom
state (MSS) (p = 0.001), 2.4 times greater odds of achieving a substantial clinical benefit
(SCB) (p = 0.028) and 4.1 times greater odds of achieving a minimal clinically important
difference (MCID) (p = 0.006) compared to TLIF patients. Furthermore, a recent case report
by Nel et al. provided the first valuable long-term data on TJR of the lumbar spine, a
novel motion-preserving alternative to spinal fusion for degenerative lumbar disease [62].
In this case study, the authors presented the first two patients to undergo lumbar TJR,
both of whom had severe degenerative lumbar disease with chronic, refractory back and
leg pain. Sixteen years post-operation, both patients reported complete and sustained
symptom resolution, with full functional recovery and unrestricted participation in daily
and occupational activities. Importantly, long-term imaging demonstrated no evidence of
adjacent segment degeneration, implant failure, or progressive arthropathy. These findings
suggest that lumbar TJR may provide durable pain relief and functional benefits in both the
short term and the long term while mitigating the adverse effects of fusion. Furthermore,
the lumbar TJR implant has demonstrated favorable wear properties and the potential for
long-term durability. While further research and long-term trials are needed, these findings
support the continued exploration of TJR as a viable option for select patients with lumbar
spine degeneration.
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Figure 3. MOTUS 3Spine (courtesy of Nel et al. [62]).

10. Discussion

The gold standard for surgical management of lumbar spine degeneration has been
spinal fusion, despite the known complications and associated risk of additional surgery.
Lumbar arthroplasty is a motion-preserving alternative to spinal fusion for surgical treat-
ment of lumbar degeneration. (Table 1) Arthroplasty has not been widely accepted due
to concerns regarding implant survival, revision risk and a lack of long-term follow-up
data. The lack of long-term data has often been cited as the reason for apprehension
toward lumbar arthroplasty. The three-joint complex of a single lumbar spine segment
adds complexity to the prospect of lumbar arthroplasty. Therefore, patient selection and
selection of surgical treatment are critical for clinical success. Total disk replacement for
isolated disk degeneration has led the way in the field, with recent promising results in
21-year follow-up data from a large cohort [11]. With these recent favorable results from
the long-term experience of Thierry and Guyer, the durability and long-term efficacy of
lumbar arthroplasty has been further validated as a favorable and reliable alternative to
fusion in patients without facet arthropathy [11,23]. Furthermore, success in lumbar disk
arthroplasty at one and two levels has demonstrated that TDR is a reasonable multilevel
treatment as well. Indications for lumbar arthroplasty have been generally limited to
early disk degeneration; as the field progresses, the clinical pathway for arthroplasty will
need to be critically evaluated as indications expand. Pitfalls such as the misdiagnosis of
spinal epidural lipomatosis upon MRI could lead to inappropriate surgery and should be
considered during patient evaluation [63]. Also, as mentioned previously, concomitant
facet arthropathy should be identified as a contraindication to isolated disk arthroplasty.

Addressing lumbar facet pathology has been a challenging hurdle to overcome to
expand the indication of lumbar arthroplasty. While devices such as TOPS have shown
some early success, other implants, such as some dynamic rods, have demonstrated notable
clinical failures, highlighting the need for further observation, monitoring and implant
development [40,48]. Total joint arthroplasty (TJR), which addresses the degenerative
disk as well as the facets from the same posterior approach, has shown good results in
both short- and long-term studies. These are exciting advances for motion-preserving
treatment of posterior column degeneration. Although limited, current data point to the
possible expansion of lumbar arthroplasty as an option for lumbar degeneration beyond
isolated disk disease. While lumbar fusion will likely remain the workhorse salvage
procedure for advanced lumbar degeneration, the progress in lumbar arthroplasty is a
promising alternative for early degeneration across all three joints of a lumbar spinal level.
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When coupled with advances in navigated technology and minimally invasive techniques,

arthroplasty has the potential to provide customized treatment options to address the

challenge of lumbar degeneration. In totality, these findings indicate a cautious optimism

toward the future of lumbar spine arthroplasty and motion-preserving surgery.

Table 1. Summary table comparing advantages and disadvantages of different spinal implants.

Implant Type Advantages Disadvantages
- Widely practiced and understood surgery
with multiple approaches and techniques
to address the degenerative lumbar spine Pseudoarthrosis
Lumbar Interbody and deformity correction Hardware failure
Fusion (LIF) - Current standard of care Loss of motion at the fused level accelerates

Minimally invasive surgery is an option
Able to extend to multiple levels (useful in
complex or revision settings)

Acceptable short-term clinical outcomes

adjacent segment degeneration

Artificial Lumbar
Disc Arthroplasty

Leading alternative construct in preserving
motion at the index lumbar level

Low adjacent segment stress forces with
lower rates of adjacent segment
degeneration

Lower levels of early disability scores,
higher patient satisfaction and shorter
length of hospital stay compared to LIF

Only addresses degenerative intervertebral disc;
unable to address posterior column pathology
Contraindicated in facet degeneration, poor bone
quality and significant deformity

Anterior approach risks (vascular/ureter injury)
Concerns with implant stability and durability
may increase risk of revision surgery

Currently only two FDA-approved implants that
can be used for one to two contiguous levels

Facet Joint

Addresses posterior column

Offers patient-specific instrumentation and
device design that respects the native facet
joint architecture

Limited FDA-approved options due to mixed
results and high complication rates among
different implant options

Latest devices are limited to single-level

Replacement - Restores native biomechanics while spondyl()hsjfh?sjs of L3-L5 L .
. . Some early evidence of paradoxical increases in
preserving motion . .
- Minimally invasive surgery is an option adjacent segment disease, although larger
long-term studies are needed
Despite multiple options, the data are largely
inconclusive on the efficacy and long-term
- Allow micromotion, decrease rigidity and outcomes due to low-level evidence
improve load sharing with a theoretical All FDA-approved products are only approved
Flexible Rods decreased risk of adjacent segment disease for single-level instrumentation in grade 1
- Multiple implant options for posterior spondylolisthesis
dynamic stabilization Off-label use is common
Implant design and construct is innately at risk
for cyclic load failure
- Addresses both anterior column and
posterior column pathology while
preserving motion and spinal alignment ) )
- Single posterior approach utilizing bilateral Currently on'ly one implant available for
transforaminal technique to replace both 1r¥1p¥ementat10n o
Total Joint the intervertebral disc and facet joints, .L1m1ted use at L1-1.2 ar.‘d L5-S.1, hlghhghtmg the
Arthroplasty (TJR) providing wide neural decompression importance of appropriate patient selection

Improved implant durability and
long-term success secondary to superior
wear resistance rates from using
vitamin-E-stabilized highly crosslinked
polyethylene (VE-HXLPE)

Current data are promising but remain limited
due to low-level evidence

11. Conclusions

Lumbar arthroplasty has the theoretical potential to provide a motion-preserving

alternative to lumbar fusion for patients with lumbar spine degeneration. Although

substantial long-term outcome studies are still needed, there have been promising data thus
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far indicating a cautious optimism toward the future of motion preservation in degenerative
lumbar spine surgery.
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Abstract: Background/Objectives: Lumbopelvic fixation (LPF) is essential for stabilizing
the lumbosacral junction (LS]) in cases of trauma, tumors, and other pathologies. While
minimally invasive percutaneous techniques are preferred when feasible, open LPF re-
mains necessary when direct sacral access is required. This study describes a modified
open LPF technique designed to minimize invasiveness while maintaining effective sta-
bilization. Methods: We present a case of sacral metastasis requiring LPF. The surgical
technique involves a linear midline incision, meticulous subfascial dissection to preserve
the Longissimus thoracis and Iliocostalis lumborum muscles, and a subcutaneous supra-
fascial approach for iliac screw placement guided by intraoperative CT navigation. A
U-shaped cross-link is used for final construct stability. The case illustrates the application
of this technique in a 56-year-old female patient with metastatic breast carcinoma involving
the sacrum, complicated by nerve compression and urinary retention. Results: The patient
underwent successful LPF with nerve root decompression and partial tumor resection.
Postoperatively, she experienced no new neurological deficits and demonstrated progres-
sive improvement in sphincter function. The described surgical approach minimized soft
tissue disruption, blood loss, and potential complications associated with more extensive
dissection. Six-month follow-up CT scans confirmed the stability of the LPF construct
and the residual lesion. Conclusions: When open LPF is unavoidable, the described
subcutaneous supra-fascial approach for iliac screw placement, combined with muscle
preservation and a U-shaped cross-link, offers a less invasive alternative that minimizes
soft tissue trauma, reduces potential complications, and facilitates faster patient recovery.
This technique can be particularly beneficial in patients with sacral metastases requiring
nerve decompression and tumor resection.

Keywords: lumbopelvic fixation; lumbosacral junction; iliac screw fixation; minimally
invasive surgery (MIS); sacral metastasis; U-shaped cross-link
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1. Introduction

Lumbopelvic fixation (LPF) is a crucial technique for achieving solid construct stability
across the lumbosacral junction (LS]). Indications for LPF include unstable sacral fractures,
pseudarthrosis, infections, and tumors at the LS], particularly when associated with sig-
nificant bone loss and/or neurological deficits [1,2]. Biomechanically, LPF is considered
superior to other approaches due to its ability to directly transfer vertical loads from the
lumbar spine to the iliac bones, effectively bypassing the sacrum. Optimal placement of
pelvic screws is critical for LPF success. The ideal entry point for iliac screw placement is
located close to the posterior inferior iliac spine, ensuring secure fixation within the dense
cortical bone of the ilium [34].

Traditional open iliac screw placement techniques can have several drawbacks. Ex-
tensive soft tissue dissection for accurate screw placement can increase the risk of tissue
devitalization, leading to potential complications such as increased blood loss, prolonged
operative times, and a heightened risk of infection [5].

Percutaneous techniques offer a less invasive alternative, allowing for rapid fixation
of posterior pelvic or sacral pathologies while minimizing soft tissue disruption. They
are particularly well suited for conditions requiring stabilization of the LS], such as many
traumatic and oncological fractures [6-8]. However, percutaneous approaches are limited
in cases requiring direct access to the sacrum for procedures such as nerve decompression,
tumor resection, open reduction in sacral fractures, or sacral reconstruction [9].

This paper presents a case of sacral metastases. We describe a refined surgical tech-
nique for open LPF, developed to minimize invasiveness while ensuring robust and
reliable fixation.

2. Case Presentation

A 56-year-old woman with a history of infiltrating mucinous breast carcinoma and
ductal carcinoma in situ (DCIS) underwent right quadrantectomy in 2020, followed by
adjuvant radiotherapy and oral Tamoxifen. Subsequent follow-up examinations revealed
no evidence of disease recurrence.

In June 2023, she presented with left-sided gluteal pain radiating along the posterior
aspect of the ipsilateral thigh. The pain was described as burning, with an initial severity
of 8/10 on the Numerical Rating Scale (NRS) [10]. Further investigation with pelvic
CT in November 2023 revealed an expansive lesion completely replacing the first three
sacral vertebrae, with associated spinal canal invasion. Subsequent sacral spine MRI
confirmed a heterogeneous, vascularized lesion measuring approximately 80 x 50 mm.
Concurrently, a similar lesion was identified in the right femoral neck. A whole-body
18F-FDG PET/CT scan did not reveal any other sites of significant metabolic activity.
Biopsy of the sacral lesion confirmed metastatic involvement from her previous breast
carcinoma. Immunohistochemical analysis demonstrated estrogen receptor (ER) positivity,
progesterone receptor (PR) negativity, and a Ki67 proliferation index of less than 3%. In
January 2024, the patient underwent hypofractionated radiotherapy targeting the sacral
and right femoral lesions, delivering a total dose of 46 Gy in 12 daily fractions. Concurrent
systemic therapy with Ribociclib and Fulvestrant was initiated. Following radiotherapy,
the patient reported a partial reduction in pain intensity to 5/10 on the NRS.

In May 2024, the patient experienced a recurrence and worsening of symptoms. Right-
sided gluteal pain, now radiating to the posterior thigh, calf, and lateral foot, emerged,
accompanied by tingling paresthesia. Left-sided gluteal pain persisted at a moderate inten-
sity (NRS 8/10). Over the following weeks, she developed urinary symptoms, including
urgency, incontinence, and incomplete bladder emptying.

197



J. Clin. Med. 2025, 14, 1600

In June 2024, the patient presented to the Emergency Department with acute urinary
retention, necessitating the placement of an indwelling urinary catheter. Subsequent MRI
(Figure 1A-D) and CT scans confirmed progression of the sacral lesion with significant
compression of sacral nerve roots. Based on the clinical and radiological findings, lum-
bopelvic fixation (LPF) was planned, including nerve root decompression and intralesional

resection of the sacral lesion (Figure 1E). The surgical procedure had a total duration of
250 min, with intraoperative blood loss of 180 cc.

Figure 1. Preoperative MRI of the sacral metastatic lesion, in sagittal (A) and axial (B-D) planes.
(E) Three-dimensional reconstruction of the planned LPF, including nerve root decompression and
tumor resection.

The postoperative course was uneventful, with no new-onset neurological deficits
and progressive restoration of sphincter function. The drains were removed on the second
postoperative day, and the patient began ambulating with a lumbar elastic support. The
patient was discharged home on the tenth postoperative day with a neurorehabilitation
program. At discharge, she was able to perform all activities of daily living (ADL) and
was free of urinary catheter, as no active urinary retention was observed at catheterization;
her pain level had decreased from 8/10 to 2/10 on the NRS. Histomolecular analysis
of the intraoperative tissue revealed metastatic involvement of breast carcinoma with a
triple-negative phenotype (ER negative, PR negative, Ki67 1%, HER-2 low — score 1+).
Given the systemic disease control achieved with the ongoing treatment despite the triple-
negative profile of the lesion, therapy was modified to include Ribociclib and Fulvestrant
in combination with Denosumab to manage lytic bone involvement. Six-month-follow-up
CT scans demonstrated the stability of the residual lesion and the LPF construct.

3. Surgical Technique

The patient was positioned prone. Intraoperative CT imaging was performed using
a Medtronic O-arm™ Navigation System (Littleton, MA, USA). A midline longitudinal
skin incision was made from L3 to the sacrum. Subcutaneous dissection exposed the
supraspinous ligament between L3 and the sacrum. The thoracolumbar fascia was then
dissected bilaterally, extending to the level of the posterior superior iliac spine (PSIS)
(Figures 2A,B and 3A). The subcutaneous dissection was extended sufficiently to allow
comfortable access to the PSIS for screw placement and was wide enough to permit
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subsequent retraction of the skin and subcutaneous tissues for the tightening of fixation
rods. Standard midline skeletonization was then performed to expose the vertebrae from
L3 to the sacrum and identify the lumbar screw entry points. Medial portions of the
Longissimus thoracis and Multifidus muscles were carefully disinserted to expose the
vertebrae, while preserving the lateral muscle mass for optimal function and minimizing
soft tissue trauma. Following frame placement for intraoperative CT navigation, polyaxial
screws were inserted into the L3, L4, and L5 vertebral bodies (Figure 4A,B).

Latissimus dorsi
muscle

Thoracolumbar
fascia

B Median skin incision

B Screws’ entry point

B Subcutaneous sovrafrascial approach
for right iliac screws entry point area
(left - - -)

Figure 2. Surgical approach for LPF. (A) Illustration of the linear lumbosacral skin incision and the
subcutaneous supra-fascial dissection to expose the PSIS. (B) Six-month postoperative view of the
surgical field, demonstrating the well-healed incision.

B

Figure 3. (A) Subcutaneous exposure of the thoracolumbar fascia and posterior superior iliac
spine (PSIS). (B) Creation of the submuscular/subfascial tunnel via digital dissection (digitocla-
sia), preserving the distal attachments of the Longissimus thoracis, Iliocostalis lumborum, and
Multifidus muscles.
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Longissimus thoracis muscle

lliocostalis lumborum muscle

Serratus posterior
inferior muscle

Midline approach for
lumbar screws entry point

Subcutaneous sovrafrascial approach
for iliac screws entry point area

A

Figure 4. (A) Illustration of lumbar and iliac screw entry points. (B) Midline approach for lumbar
screw entry points (left), and subcutaneous sovrafrascial approach (right) for iliac screw entry
point area.

For iliac screw placement, the thoracolumbar fascia was incised along the medial mar-
gin of the PSIS bilaterally. A small portion of the Iliocostalis lumborum muscle was dis-
sected to expose the medial margin of the PSIS, creating sufficient space for iliac screw inser-
tion. Two iliac screws were placed per side using the subcutaneous supra-fascial approach
(Figure 4A,B). A submuscular/subfascial channel was then created by blunt dissection, con-
necting the space obtained at the level of the iliac spines to the midline surgical cavity. With
their fingers (digitoclasia: digital dissection), the surgeon gently dissected along the bony
plane, following the course of the sacroiliac joint (Figures 3B and 5). This digital dissection
technique, linking the medial and PSIS surgical fields, is crucial for maintaining the integrity
of the distal attachments of the Longissimus thoracis and the majority of the Iliocostalis
lumborum and the Multifidus muscles, thereby minimizing muscular trauma. Pre-contoured
rods with appropriate lordosis were then inserted through the medial surgical cavity, passed
beneath the previously created submuscular/subfascial tunnel, and positioned in the tulips of
the iliac screws. In this case, the rods were connected to the iliac screw tulips using dedicated
connector. The previous creation of adequate subcutaneous space is paramount for successful
rod placement, as it allows for sufficient retraction of the superficial soft tissues and prevents
compression or impingement. The rods were secondarily secured within the tulips of the
lumbar screws, for easer manipulation through the median approach.

A sacral laminectomy was then performed. The spinal canal was found to be occupied
by the tumor, compressing the cauda equina nerve roots. Careful debulking of the sacral
tumor was performed to decompress the nerve roots (subtotal resection—STR). A U-
shaped cross-link, crafted from a 5.5 mm diameter rod, was finally placed between the rods
through the midline approach and secured with dedicated connectors. At the end of the
procedure, the fixation system demonstrated stability, and the nerve roots were adequately
decompressed (Figure 6A-D). Lumbopelvic fixation was achieved using polyaxial titanium
alloy screws from the Cortical Fix Expedium Spinal System (DePuy Synthes, LLC, a Johnson
& Johnson Company, New Brunswick, NJ, USA).
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Figure 5. Cross-sectional view at the S1 level: (red) midline longitudinal skin incision; (blue)
subcutaneous supra-fascial approach for PSIS; (green) midline approach for lumbar screws; (black)

subfascial /submuscular channel for rod insertion.

Figure 6. (A,B) Post-operative standing X-ray. (C,D) Six-month 3D CT scan reconstruction demon-
strating the stability of the LPF and the residual sacral defect (red arrows).

During closure, the thoracolumbar fascia was meticulously sutured at the level of
the PSIS, and the supraspinous ligament too. Two drains were placed: one in the midline
subfascial surgical cavity and one in the subcutaneous layer.

4. Discussion

LS] pathologies present a complex surgical challenge due to the unique anatomical
and biomechanical characteristics of this transitional zone between the mobile spine and the
relatively fixed pelvis. The inherent biomechanics of the LSJ, coupled with the destructive
nature of pathological processes affecting the sacrum, create a significant challenge for
spinal stabilization. LPF is a cornerstone of LSJ stabilization, leveraging the human pelvis
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as a stable anchor point. While various implants have been used over the years, iliac screw
fixation has become increasingly prominent due to its demonstrated ability to prevent LPF
failure and sacral fractures [3,11,12].

Open LPF is a major procedure. The extensive muscle and soft tissue dissection
required for accurate iliac screw insertion can increase the risk of tissue devitalization,
leading to increased blood loss, prolonged operative times, and infection. Percutaneous
approaches, often guided by intraoperative CT navigation or robotic assistance, aim to
mitigate these risks and allow for rapid LPF [8,12,13]. These minimally invasive techniques
are limited when direct access to the sacrum is necessary for procedures such as nerve
decompression, tumor resection, open reduction in sacral fractures, or sacral reconstruction.

The S2-alar-iliac (S2AI) screw has recently gained significant popularity as it provides
similar biomechanical fixation without the extensive tissue dissection associated with
traditional iliac screws [14]. Highly destructive lesions of the sacral spine, however, may
preclude S2Al instrumentation [15].

In our experience, we have prioritized minimizing invasiveness even in open LPF
procedures requiring sacral access. Linear skin incision is less problematic than U-shaped
or inverted Y-shaped (Mercedes star) incisions. The sacral region is prone to pressure
sores postoperatively, especially given that patients rest in the supine position. Extensive
dissection can make early mobilization difficult. A single linear incision helps maintain
better vascularization of the soft tissues, reducing the risk of necrosis and infection [16].

Maintaining a functionally intact muscle plane is crucial. Preserving the Longissimus
thoracis and Iliocostalis lumborum muscles maintains the functionality and support of the
posterior paravertebral muscle compartment. Dissection between the subcutaneous plane
and the muscle fascia allows easy access to the PSIS. While the minimal detachment of the
Longissimus thoracis muscle provides sufficient access for iliac screw placement, precise
screw placement within this limited exposure is critically dependent on intraoperative
CT navigation due to the lack of anatomical landmarks. Following screw placement, the
supraperiosteal space needed for rod placement between the Longissimus muscle and the
sacroiliac region can be easily created with smooth dissection.

In pathologies requiring open sacral access for partial or total sacrectomy and LS]
reconstruction, the resulting cavity from bone resection presents a challenge [9,17,18]. Pre-
serving the Longissimus thoracis and Iliocostalis lumborum muscles helps maintain a
separation between the cavity and the external surface, supporting the overlying subcuta-
neous tissues and skin. For final LPF construct torsional stability, the cross-link is essential.
This additional stability is crucial for minimizing micromotion at the LSJ, promoting bone
fusion, and reducing the risk of implant failure. The recent literature has highlighted the
strength and resistance of U-shaped cross-links in LSJ constructs [19,20], among other
solutions. Moreover, in our experience, the U-shaped cross-link also acts as a support for
the overlying tissues (muscle, subcutaneous tissue, and skin), minimizing tissue depression
above the surgical cavity.

These minimally invasive surgical techniques have, in our experience, resulted in
reduced blood loss, less tissue necrosis, and lower risk of infection, facilitating faster patient
mobilization and reducing the risk of pressure sores.

This surgical technique is the result of years of clinical expertise gained by our team
in the treatment of traumatic sacral fractures. Starting from a traditional open approach,
we have progressively developed a refined method that maintains the strength of fixation
while significantly reducing invasiveness. This article presents a single clinical case, which
inherently limits the generalizability of our findings and the ability to definitively assess
the overall effectiveness and safety of the described technique. While the presented case
demonstrates the successful application of the method in a specific clinical scenario, it
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cannot provide statistically significant evidence of efficacy or identify any potential com-
plications that may arise in a larger patient population, including the risk of infection,
implant loosening, and neurological complications. Specifically, this case report cannot
establish the technique’s applicability to other patient populations with varying comor-
bidities, disease severity, or anatomical variations. Furthermore, the absence of a control
group limits our ability to compare the outcomes of this technique with those of traditional
open or minimally invasive approaches. Finally, the short-term follow-up period in this
case report precludes the assessment of long-term outcomes, such as implant stability, pain
relief durability, and the potential for late complications.

5. Conclusions

LPF provides excellent stability for LS] pathologies. Percutaneous or robotic-assisted
methods offer the least invasive approach when feasible. However, these techniques are not
always applicable, particularly in cases of traumatic and, especially, oncological pathologies
requiring sacral access. In such cases, the described subcutaneous supra-fascial approach
for iliac screw placement, combined with the use of a U-shaped cross-link, represents, in
our experience, a surgical technique that minimizes the major drawbacks of open LPFE,
including hemorrhage, tissue necrosis, prolonged recovery, pressure sores, and infection.

Author Contributions: C.B. and E.S. conceived of the presented idea, and wrote the main manuscript
text. M.D.R., G.C. (Giorgio Cracchiolo), A.B., G.C. (Gabriele Capo), Z.R. and A.F. collected the data,
and prepared the figures. All authors discussed the design and contributed to the final manuscript.
C.B., M.R,, EP. and M.F. supervised the project. All authors have read and agreed to the published

version of the manuscript.

Funding: The publication fee for this work was covered by the Italian Ministry of Health’s “Ricerca
Corrente” funding to the IRCCS Humanitas Research Hospital. This research received no other
external funding.

Institutional Review Board Statement: The ethical review and approval were waived for this study
because it involves procedures considered standard clinical practice and routinely performed at our
institution. These procedures are part of the established treatment protocols. The decision to use
these techniques was made solely based on clinical judgement and patient needs, independent of
study inclusion. No modifications to standard care were made for research purposes.

Informed Consent Statement: Informed consent was obtained from the subject involved in the study.

Data Availability Statement: We excluded the data availability section since our study did not report
on any data present in public datasets.

Acknowledgments: The authors gratefully acknowledge Kenhub (Kenhub Image License Store) for
providing the anatomical images that were adapted and modified for use in Figures 1, 2 and 4 of this
manuscript. A scientific license was obtained for these images. I would also like to acknowledge
Olena Kogrusheva for creating Figures 3 and 5 featured in this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

Jones, C.B,; Sietsema, D.L.; Hoffmann, M.FE. Can lumbopelvic fixation salvage unstable complex sacral fractures? Clin. Orthop.
Relat. Res. 2012, 470, 2132-2141. [CrossRef] [PubMed] [PubMed Central]

Suk, S.I; Chung, E.R.; Lee, S.M.; Lee, ].H.; Kim, S.S.; Kim, ] H. Posterior vertebral column resection in fixed lumbosacral deformity.
Spine 2005, 30, E703-E710. [CrossRef] [PubMed]

Jain, A.; Hassanzadeh, H.; Strike, S.A.; Menga, E.N.; Sponseller, P.D.; Kebaish, K.M. Pelvic Fixation in Adult and Pediatric Spine
Surgery: Historical Perspective, Indications, and Techniques: AAOS Exhibit Selection. J. Bone Jt. Surg. Am. 2015, 97, 1521-1528.
[CrossRef] [PubMed]

203



J. Clin. Med. 2025, 14, 1600

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Yoshihara, H. Surgical options for lumbosacral fusion: Biomechanical stability, advantage, disadvantage and affecting factors in
selecting options. Eur. J. Orthop. Surg. Traumatol. 2014, 24 (Suppl. S1), S73-S82. [CrossRef] [PubMed]

Guler, U.O,; Cetin, E.; Yaman, O.; Pellise, F.,; Casademut, A.V.; Sabat, M.D.; Alanay, A.; Grueso, ES.; Acaroglu, E.; European Spine
Study Group. Sacropelvic fixation in adult spinal deformity (ASD); a very high rate of mechanical failure. Eur. Spine J. 2015, 24,
1085-1091. [CrossRef] [PubMed]

Chang, T.L.; Sponseller, P.D.; Kebaish, K.M.; Fishman, E.K. Low profile pelvic fixation: Anatomic parameters for sacral alar-iliac
fixation versus traditional iliac fixation. Spine 2009, 34, 436-440. [CrossRef] [PubMed]

Ilyas, H.; Place, H.; Puryear, A. A Comparison of Early Clinical and Radiographic Complications of Iliac Screw Fixation Versus S2
Alar Iliac (S2AlI) Fixation in the Adult and Pediatric Populations. J. Spinal Disord. Tech. 2015, 28, E199-E205. [CrossRef] [PubMed]
Liu, G.; Hasan, M.Y.; Wong, H.K. Minimally invasive iliac screw fixation in treating painful metastatic lumbosacral deformity: A
technique description and clinical results. Eur. Spine J. 2016, 25, 4043—4051. [CrossRef] [PubMed]

Hugate, R.R,, Jr.; Dickey, I.D.; Phimolsarnti, R.; Yaszemski, M.J.; Sim, F.H. Mechanical effects of partial sacrectomy: When is
reconstruction necessary? Clin. Orthop. Relat. Res. 2006, 450, 82-88. [CrossRef] [PubMed]

Hjermstad, M.].; Fayers, PM.; Haugen, D.E,; Caraceni, A.; Hanks, G.W.; Loge, ].H.; Fainsinger, R.; Aass, N.; Kaasa, S.; European
Palliative Care Research Collaborative (EPCRC). Studies comparing Numerical Rating Scales, Verbal Rating Scales, and Visual
Analogue Scales for assessment of pain intensity in adults: A systematic literature review. |. Pain Symptom Manag. 2011, 41,
1073-1093. [CrossRef] [PubMed]

Lombardi, ].M.; Shillingford, ].N.; Lenke, L.G.; Lehman, R.A. Sacropelvic Fixation: When, Why, How? Neurosurg. Clin. N. Am.
2018, 29, 389-397. [CrossRef] [PubMed]

Feiz-Erfan, I; Fox, B.D.; Nader, R.; Suki, D.; Chakrabarti, I.; Mendel, E.; Gokaslan, Z.L.; Rao, G.; Rhines, L.D. Surgical treatment of
sacral metastases: Indications and results. J. Neurosurg. Spine 2012, 17, 285-291. [CrossRef] [PubMed]

Park, C.; Crutcher, C.; Mehta, V.A.; Wang, T.Y.; Than, K.D.; Karikari, 1.O.; Goodwin, C.R.; Abd-El-Barr, M.M. Robotic-assisted
percutaneous iliac screw fixation for destructive lumbosacral metastatic lesions: An early single-institution experience. Acta
Neurochir. 2021, 163, 2983-2990. [CrossRef] [PubMed]

Sutterlin, C.E., 3rd; Field, A.; Ferrara, L.A.; Freeman, A.L.; Phan, K. Range of motion, sacral screw and rod strain in long posterior
spinal constructs: A biomechanical comparison between S2 alar iliac screws with traditional fixation strategies. . Spine Surg.
2016, 2, 266-276. [CrossRef] [PubMed] [PubMed Central]

O’Brien, J.R.; Yu, W.D.; Bhatnagar, R.; Sponseller, P.; Kebaish, K.M. An anatomic study of the S2 iliac technique for lumbopelvic
screw placement. Spine 2009, 34, E439-E442. [CrossRef] [PubMed]

Posterior Approach to the Sacrum. Available online: https://surgeryreference.aofoundation.org/orthopedic-trauma/adult-
trauma/pelvic-ring/approach/posterior-approach-to-the-sacrum (accessed on 10 January 2025).

Bederman, S.S.; Shah, K.N.; Hassan, ].M.; Hoang, B.H.; Kiester, P.D.; Bhatia, N.N. Surgical techniques for spinopelvic recon-
struction following total sacrectomy: A systematic review. Eur. Spine |. 2014, 23, 305-319. [CrossRef] [PubMed] [PubMed
Central]

Maricevich, M.; Maricevich, R.; Chim, H.; Moran, S.L.; Rose, P.S.; Mardini, S. Reconstruction following partial and total sacrectomy
defects: An analysis of outcomes and complications. J. Plast. Reconstr. Aesthet. Surg. 2014, 67, 1257-1266. [CrossRef] [PubMed]
Choi, M.K;; Jo, D.J.; Kim, S.B. Pelvic Reconstruction Surgery Using a Dual-Rod Technique with Diverse U-Shaped Rods After
Posterior En Bloc Partial Sacrectomy for a Sacral Tumor: 2 Case Reports and a Literature Review. World Neurosurg. 2016, 95,
619.e11-619.e18. [CrossRef] [PubMed]

Lim, S.H.; Jo, D.J.; Kim, S.M.; Lim, Y.J. Reconstructive surgery using dual U-shaped rod instrumentation after posterior en bloc
sacral hemiresection for metastatic tumor: Case report. J. Neurosurg. Spine 2015, 23, 630-634. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

204



Journal of Z
% Clinical Medicine ml\l)\Py

Article

Cervical Open-Door Laminoplasty for Myelopathy Caused by
Ossification of the Posterior Longitudinal Ligament: Correlation
Between Spinal Canal Expansion and Clinical Outcomes

Young-11 Ko "*, Young-Hoon Kim !'*, Jorge Barraza 2, Myung-Sup Ko !, Chungwon Bang !,
Byung Jun Hwang !, Sang-I1 Kim ! and Hyung-Youl Park 3*

Department of Orthopedic Surgery, Seoul St. Mary’s Hospital, College of Medicine, The Catholic University
of Korea, Seoul 06591, Republic of Korea

Department of Orthopedic Surgery, ABC Medical Center, Mexico City 01120, Mexico; jbarraza933@gmail.com
Department of Orthopedic Surgery, Eunpyeong St. Mary’s Hospital, College of Medicine, The Catholic
University of Korea, Seoul 03312, Republic of Korea

Correspondence: matrixbest@naver.com

These authors contributed equally to this work.

Abstract: Background/Objectives: This study investigated the relationship between spinal canal
expansion and clinical outcomes in patients with myelopathy due to ossification of the posterior
longitudinal ligament (OPLL) who underwent cervical open-door laminoplasty. Methods: A retro-
spective study was conducted on 36 OPLL patients who underwent open-door laminoplasty between
2009 and 2021. Preoperative and two-year postoperative radiologic parameters, including bony
canal area (BCA) and spinal canal area (SCA), were measured. Clinical outcomes were assessed
using the Numerical Rating Scale (NRS) for neck pain and radicular pain, the Neck Disability Index
(NDI), and Japanese Orthopaedic Association (JOA) scores. Results: The mean expansion of BCA
was 112.1 mm? (47%) and SCA was 100.5 mm? (64%). All clinical outcomes improved after surgery,
although not statistically significant. JOA scores improved significantly in the severe group, while
NDI and NRS-neck scores improved in the mild to moderate group. Significant correlations were
found between improvements in NRS-neck and expansions of BCA (r = 0.533, p = 0.001) and SCA
(r=0.537, p = 0.001). NDI improvement was also associated with BCA expansion. No significant
correlations were found between canal expansion and NRS-R, NRS-L, or JOA scores. Conclusions:
Cervical open-door laminoplasty effectively increased the bony and spinal canal areas in patients
with OPLL and myelopathy. In addition to improving myelopathy symptoms, this procedure may
also improve neck pain and disability. Further research is needed to assess the long-term outcomes
and to better understand these clinical improvements.

Keywords: cervical vertebrae; ossification of the posterior longitudinal ligament; spinal canal;
myelopathy; laminoplasty

1. Introduction

Ossification of the posterior longitudinal ligament (OPLL) is a condition characterized
by the replacement of the posterior longitudinal ligament (PLL) with heterotopic bone [1].
The prevalence of OPLL is 0.60% in South Korea and 3% in other Asian countries, with
male-to-female ratios of 1.45:1 and 2:1, respectively [2,3]. Pathophysiologically, fibroblasts
within the PLL are replaced by cartilaginous tissue, followed by endochondral ossification
and replacement of the PLL with lamellar bone [1]. OPLL may be asymptomatic and
is often found incidentally. When symptomatic, neck pain and radiating pain typically
present first, with myelopathy symptoms usually progressing slowly [4]. Diagnosis is
generally made through lateral radiographs showing an ossified mass posterior to the
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vertebral bodies, with further imaging with computed tomography (CT) and magnetic
resonance imaging (MRI) recommended for preoperative planning [5].

Surgical treatment is the only definitive method to decompress the spinal canal and
can be achieved via anterior or posterior approaches to the cervical spine. Anterior decom-
pression often involves corpectomy followed by direct removal of the pathology or the
floating technique, while the posterior approach typically involves indirect decompression
through laminoplasty or laminectomy with fusion [6,7]. Open-door laminoplasty, an in-
direct decompression technique, expands the dimensions and area of the spinal canal by
freeing the laminae on one side and securing them in a more posterior position. Numer-
ous studies have reported sufficient decompression and neurological recovery following
laminoplasty [8,9].

Additionally, some reports suggest the radiological effectiveness of surgical decom-
pression and subsequent neurological recovery, as measured by the spinal canal dimensions
and the percentage of occupancy after the procedure [10,11]. However, few studies have an-
alyzed the relationships between increased spinal canal area and various clinical symptoms,
including not only neurological recovery but also axial or radicular pain.

This study aimed to measure and compare the bony canal area, spinal canal area, and
OPLL before and after multilevel open-door laminoplasty in patients with cervical OPLL
and myelopathy and to determine the relationships between these radiologic measurements
and clinical outcomes.

2. Materials and Methods

This retrospective study included 36 patients who underwent surgery for cervical
myelopathy due to OPLL between 2009 and 2021. The inclusion criteria were as follows:
myelopathy associated with multilevel OPLL (involving two or more cervical levels),
absence of cervical kyphosis, absence of dynamic instability, and a minimum follow-
up period of more than two years post-surgery. Myelopathy symptoms included hand
numbness, loss of fine motor function, bilateral paresthesia, impaired gait, lower extremity
weakness, and urinary or fecal urgency and incontinence [12]. Exclusion criteria included
myelopathy caused by cervical disc herniation or spondylosis, cervical kyphosis, previous
cervical surgery, spine trauma, tumor, infection, or incomplete medical and radiographic
records. All patients underwent a single surgical procedure and received conservative
postoperative treatment, including pain management medication. This study was ethically
approved by the institutional review board (KC21RISI0093).

2.1. Surgical Procedure

After general anesthesia and prone positioning, a posterior cervical approach was
performed. The paravertebral muscles were detached from the spinous processes on both
sides of the affected level. Once the spinous process and laminae were exposed, a high-
speed burr was used to cut through one side of the lamina on the opening side and partially
through the other side, preserving one cortex on the hinge side as part of the open-door
laminoplasty technique [9]. A Medtronic mini-plate (Centerpiece, Medtronic, Minneapolis,
MN, USA) was then applied and secured with one screw on the medial lamina and two
screws on the lateral mass. Plates ranging in length from 10 mm to 12 mm were used.
Previous studies have demonstrated that C3 laminectomy, when combined with multi-
level open-door laminoplasty for OPLL, can effectively reduce postoperative axial neck
pain [13,14]. C3 laminectomy offers distinct advantages over C3 laminoplasty: prevention
of C2-3 bone fusion and preservation of posterior cervical musculature attachments [15].
Based on this evidence, our institution has implemented C3 laminectomy in conjunction
with multilevel open-door laminoplasty as a standard surgical protocol since 2018. Intra-
operative neuromonitoring with transcranial motor-evoked and somatosensory-evoked
potentials was utilized during the surgery.
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2.2. Radiologic Parameters

Cervical spine anteroposterior and lateral views, along with CT scans obtained before
and after surgery, were analyzed. Radiographic measurements of cervical lordosis (CL)
and cervical sagittal vertical axis (CSVA) were performed on neutral lateral views. CL
was measured using the inferior endplate of C2 as the superior reference and the inferior
endplate of C7 as the inferior reference. CSVA was determined by measuring the distance
between a plumb line dropped from the center of the C2 body and the posterior superior
corner of C7 [16].

Radiographic measurements of cross-sectional areas of the bony canal and the spinal
canal were performed by two independent observers, similar to the methodology used
by Dong et al. [10]. The bony canal area (BCA) was delineated by the posterior border
of the vertebral body, pedicles, and the union of both laminae. After surgery, the plate
replaced the posterior border of the operated laminae. If one or both pedicles were not
visible on the CT scan, the posterior margin of the nerve root was used as the border. The
entire external border of the OPLL was delineated, and the area was measured. The spinal
canal area (SCA) was defined anteriorly by the posterior margin of the PLL or OPLL and
posteriorly by the inner margin of the ligamentum flavum (Figure 1). BCA, SCA, and the
cross-sectional area of the OPLL were measured at all levels before surgery and two years
after surgery.

Figure 1. (a) Bony Canal Area (BCA) in red, defined by the posterior edge of the vertebral body, the
pedicles, and the union of the laminae. (b) Spinal Canal Area (SCA) in yellow, bounded anteriorly
by the posterior limit of the posterior longitudinal ligament (PLL) or ossification of the posterior
longitudinal ligament (OPLL) and posteriorly by the inner edge of the ligamentum flavum. (c) OPLL
in green, showing the outer boundary of the ossified posterior longitudinal ligament.

2.3. Clinical Parameters

Clinical outcomes were evaluated using the Numerical Rating Scale (NRS) for neck
pain (NRS-neck) and radicular pain in the right and left arms (NRS-right arm [NRS-R] and
NRS-left arm [NRS-L]), the Neck Disability Index (NDI), and the Japanese Orthopaedic
Association (JOA) score. These parameters were assessed preoperatively and two years
postoperatively [17,18]. Patients were stratified according to their JOA scores; those with
scores < 11 were categorized as severe myelopathy, whereas those with scores > 12 were
classified as mild to moderate myelopathy [19]. Because postoperative neck pain has been
reported as the most significant difference between C3 laminectomy and laminoplasty, the
NRS-neck scores were compared between the C3 laminectomy group and the laminoplasty
group through subgroup analysis [15].

2.4. Statistical Analysis

Statistical analyses were conducted using SPSS software version 24.0.0 (SPSS Inc.,
Chicago, IL, USA). A p-value of less than 0.05 was considered statistically significant. For
the comparison of paired data, either the paired t-test or the Wilcoxon signed-rank test was
used, depending on the normality of the data distribution. Pearson’s correlation analysis
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was performed to evaluate the relationships between clinical outcomes and radiologic
measurements. To assess the intra-observer reproducibility and inter-observer reliability
of BCA and SCA, an agreement was quantified using the intraclass correlation coefficient
(ICC). Two independent researchers (an orthopedic spine surgeon with 1 year of experience
and an orthopedic resident with 3 years of experience) performed two series of BCA and
SCA measurements on the CT scans.

3. Results

Of the 36 patients, 11 were female and 25 were male, with an average age of 64.06 years
(range: 41-81 years). No perioperative complications related to the surgery were reported.
OPLL was observed in all 36 patients at the C5-6 level, followed by C4-5 (91.7%), C3—4
(69.4%), and C6-7 (58.3%) (Table 1). All patients underwent decompression surgery from
C3 to C6, with 15 patients receiving laminoplasty at C3 and 21 patients undergoing C3
laminectomy. The surgeries were performed by two experienced surgeons using the same
standardized technique, as described in the surgical technique section.

Table 1. Distribution of OPLL in included patients.

Segment Number (Percentage)

C1-2 3 (8.3%)

C2-3 16 (44.4%)
C3-4 25 (69.4%)
C4-5 33 (91.7%)
C5-6 36 (100.0%)
Ce-7 21 (58.3%)
C7-T1 8 (22.2%)

3.1. Radiologic Outcomes

In the analysis of cervical alignment before and after surgery, CL significantly de-
creased from 15.54 £ 8.99 degrees to 12.49 £ 6.93 degrees (p = 0.005). CSVA changed
from 22.12 £ 11.11 mm to 23.89 £ 10.80 mm, although this change was not statistically
significant (p = 0.341). The results of cross-sectional area measurements of the BCA, SCA,
and OPLL are presented in Table 2. Both BCA and SCA showed significant increases
after surgery at all levels (Figure 2). The average BCA across all levels increased from
239.12 + 29.48 mm? to 351.19 4 39.51 mm?, representing a change of 112.07 mm? (46.87%).
Similarly, the average SCA increased from 157.35 4- 32.13 mm? to 257.85 + 44.19 mm?, with
a change of 100.50 mm? (63.87%).

Table 2. Radiologic parameters before and after open-door laminoplasty.

Rate of

Preoperative Postoperative Change p-Value
CL (°) 15.54 £ 8.99 12.49 £ 6.93 —19.60% 0.005
CSVA (mm) 2212 £11.11 23.89 + 10.80 8.01% 0.341
BCA 226.33 + 24.40 317.80 £ 25.96 40.41% 0.001
C3 (mm?) * SCA 150.67 + 39.47 225.00 + 48.64 49.34% 0.001
OPLL 29.47 £ 27.42 30.47 £ 28.39 3.39% 0.198
BCA 233.27 £ 34.72 341.58 + 38.80 46.43% 0.000
C4 (mm?) SCA 147.12 4+ 36.92 248.79 + 55.67 69.10% 0.000
OPLL 31.82 £ 25.30 30.48 £ 23.72 —4.19% 0.014
BCA 241.77 £ 36.51 354.77 £ 49.50 46.74% 0.000
C5 (mm?) SCA 161.66 + 38.20 262.97 £ 46.18 62.67% 0.000
OPLL 29.17 £17.76 29.17 £+ 16.88 0.59% 0.827
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Area (mm?)

Table 2. Cont.

Preoperative Postoperative gﬁ:;;i p-Value
BCA 246.14 + 33.90 367.89 + 54.04 49.46% 0.000
C6 (mm? SCA 167.31 + 42.02 276.31 + 54.54 65.12% 0.000
OPLL 27.26 + 17.46 26.60 + 17.00 —2.41% 0.190
BCA 239.12 + 29.48 351.19 + 39.51 46.87% 0.000
Average (mm? SCA 157.35 4+ 32.13 257.85 + 44.19 63.87% 0.000
OPLL 29.95 + 15.99 29.53 + 15.73 —1.41% 0.246

Note: CL—cervical lordosis, CSVA—cervical sagittal vertical axis, BCA—bony canal area, SCA—spinal canal area,
OPLL—ossified posterior longitudinal ligament. * 15 patients undergoing C3 laminoplasty except C3 laminectomy.
Statistically significant values in bold.

a
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Figure 2. (a) Changes in the bony canal area (BCA) preoperatively and postoperatively. (b) Changes
in the spinal canal area (SCA) preoperatively and postoperatively.

The inter-observer and intra-observer ICC for the measurement of BCA and SCA were
above 0.9, ranging from 0.936 to 0.961, indicating excellent intra-observer reproducibility
and inter-observer reliability (Table 3).

Table 3. Inter-class correlation coefficient for bony canal area and spinal canal area measurements.

Inter-ICC 95%CI Intra-ICC 95%CI
BCA 0.936 0.909-0.956 0.948 0.912-0.962
SCA 0.961 0.942-0.973 0.956 0.919-0.971

Note: BCA—Dbony canal area, SCA—spinal canal area, ICC—inter-class correlation coefficient.

3.2. Clinical Outcomes

In the analysis of clinical outcomes before and two years after surgery, the JOA score
improved from 11.97 & 3.54 to 12.30 = 3.52, and the NDI improved from 28.63 + 21.44 to
23.07 £ 20.39, although these improvements were not statistically significant (p = 0.587 and
p = 0.179, respectively). NRS-neck, NRS-R, and NRS-L scores also showed improvements,
although these improvements were not statistically significant (Table 4). According to
the surgical method, the degree of NRS-neck improvement was compared between the
C3 laminoplasty group (1 = 15) and the C3 laminectomy group (1 = 21). No significant
difference was found between the two groups (0.52 £ 3.50 vs. 1.14 £ 3.25, p = 0.804).
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Table 4. Clinical outcomes before and after open-door laminoplasty.

Preoperative Postoperative p-Value
JOA 11.97 +3.54 12.30 £+ 3.52 0.587
NDI 28.63 +21.44 23.07 +20.39 0.179
NRS-neck 3.94 £ 2.65 297 £291 0.051
NRS-R 3.97 £ 3.07 3.53 £ 3.58 0.493
NRS-L 3.38 £3.16 3.25 £3.57 0.852

Note: JOA—]Japanese orthopedic association score, NDI—neck disability index, NRS-neck—numeric rating scale
of neck pain, NRS-R—numeric rating scale of right arm pain, NRS-L—numeric rating scale of left arm pain.

Clinical outcomes were further analyzed by classifying patients according to the
severity of myelopathy using the JOA score (JOA score of 11 or less = severe; JOA score of
12 or more = mild to moderate) (Table 5). In the severe group, the JOA score significantly
improved from 8.33 & 2.23 to 10.83 £ 3.69 after surgery (p = 0.009). In contrast, in the mild
to moderate group, NDI (p = 0.010), NRS-neck (p = 0.047), and NRS-R (p = 0.038) scores
showed significant improvements (Figure 3).

(a) Severe Group
301

25¢

NRS-neck NRS-R
Mild to Moderate Group

. (b)

Score

NRS-neck

W Preoperative
BN Postoperative

Figure 3. (a) Changes in clinical metrics, including JOA score, NDI, NRS-neck, NRS-R, and NRS-L,
preoperatively and postoperatively in the severe group. (b) Changes in the same clinical metrics
preoperatively and postoperatively in the mild to moderate group.
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Table 5. Clinical outcomes before and after surgery according to severity of myelopathy.

Severity * Preoperative Postoperative p-Value
Severe (n = 14) 8.33 £2.23 10.83 + 3.69 0.009
JOA mild to moderate (n = 22) 14.39 £ 1.61 13.28 £ 3.14 0.161
Severe (n = 14) 31.33 4+ 20.50 32.55 4+ 23.71 0.582
NDI mild to moderate (1 = 22) 24.81 4+ 20.32 14.65 £+ 12.22 0.010
Severe (n = 14) 3.83 £2.79 4.00 £ 3.54 0.693
NRS-neck ™ d to moderate (1 =22)  3.89 + 2.54 2.50 + 2.56 0.047
Severe (n = 14) 4.50 +3.12 5.50 £+ 3.80 0.248
NRSR mild to moderate (n = 22) 331+244 1.43 £1.97 0.038
Severe (n = 14) 3.75+3.31 4.92 4+ 4.36 0.421
NRS-L mild to moderate (1 = 22) 3.254+2.98 2.06 = 2.62 0.211

Note: JOA—]Japanese orthopedic association score, NDI—neck disability index, NRS-neck—numeric rating scale
of neck pain, NRS-R—numeric rating scale of right arm pain, NRS-L—numeric rating scale of left arm pain. * A
JOA score of 11 or less was classified as severe, and a score of 12 or more was classified as mild to moderate.

Statistically significant values in bold.

3.3. Correlations Between Radiologic and Clinical Outcomes

The correlation between radiological canal expansions and clinical outcomes is pre-
sented in Table 6. Improvement of NRS-neck showed significant correlations with expan-
sions of both BCA (r = 0.533, p = 0.001) and SCA (r = 0.537, p = 0.001). Improvement in NDI
also showed a significant correlation with BCA expansion (r = 0.351, p = 0.045). However,
improvement in JOA scores showed no significant correlation with the expansion of BCA
or SCA (p = 0.265 and 0.292, respectively). Similarly, NRS-R and NRS-L were not associated
with canal expansion (all p-values > 0.05).

Table 6. Correlations between radiologic changes and clinical outcomes.

Variables Pearson’s Correlation Coefficient p-Value
ABCA —0.210 0.265
ASCA —0.199 0.292
AJOA Preoperative OPLL 0.038 0.842
ACL 0.254 0.176
ACSVA —0.003 0.989
ABCA 0.351 0.045
ASCA 0.279 0.116
ANDI Preoperative OPLL —0.089 0.623
ACL —0.018 0.921
ACSVA 0.009 0.962
ABCA 0.533 0.001
ASCA 0.537 0.001
ANRS-neck Preoperative OPLL -0.077 0.667
ACL —0.074 0.677
ACSVA —0.089 0.617
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Table 6. Cont.

Variables Pearson’s Correlation Coefficient p-Value

ABCA —0.002 0.990

ASCA —0.070 0.699

ANRS-R Preoperative OPLL —0.048 0.789
ACL 0.058 0.748

ACSVA 0.170 0.344

ABCA —0.114 0.526

ASCA —0.187 0.297

ANRS-L Preoperative OPLL 0.055 0.761
ACL 0.267 0.133

ACSVA 0.186 0.301

Note: JOA—Japanese orthopedic association score, NDI—neck disability index, NRS-neck—numeric rating
scale of neck pain, NRS-R—numeric rating scale of right arm pain, NRS-L—numeric rating scale of left arm
pain, BCA—bony canal area, SCA—spinal canal area, OPLL—ossification of posterior longitudinal ligament,
CL—cervical lordosis, CSVA—cervical sagittal vertical axis. Statistically significant values in bold.

4. Discussion

Management strategies for OPLL vary according to symptom severity; asymptomatic
or mildly symptomatic patients can be managed conservatively, whereas patients with
neurological manifestations typically require surgical decompression through anterior,
posterior, or combined approaches [1,20]. Among the various surgical options, open-door
laminoplasty has demonstrated efficacy in treating OPLL-associated cervical myelopa-
thy when appropriate patient selection criteria are met [21-23]. Recent advances have
introduced minimally invasive open-door laminoplasty techniques, which have shown
superior outcomes in reducing postoperative axial symptoms compared to conventional
expansive open-door laminoplasty [24]. The present study validates these findings while
investigating the correlations between clinical symptom recovery (including axial neck pain,
radiculopathy, and myelopathy), the extent of spinal canal decompression, and alterations
in cervical sagittal alignment.

In the analysis of radiologic outcomes, cervical lordosis was reduced before and after
surgery. This reduction in lordosis has also been observed in previous studies [21,25,26].
It is thought to be related to the detachment of cervical extensor muscles attached to the
spinous process and resection of the interspinous ligament during surgery [27]. A recent
study reported that risk factors for decreased cervical lordosis after laminoplasty differ
between cervical spondylotic myelopathy and OPLL. Preoperative CSVA was identified as
an independent risk factor in OPLL patients, suggesting that greater preoperative CSVA
should be carefully considered in these cases [28].

Studies on the size and compression of the cervical spinal canal have been conducted.
Lee et al. [29] measured the spinal canal diameter from C3 to C7 in 469 cadavers and
reported a range of 9 to 20.9 mm, with a median diameter of 14.4 mm. The Torg-Pavlov
ratio, one of the most common methods, compared the sagittal diameter of the spinal
canal with the width of the vertebral body [30]. More recently, direct measurements of
bony and spinal canal areas using CT scans have been reported by Dong et al. [10]. They
described the volume-occupying rate of the spinal canal by obtaining the area through direct
measurement and then used an integration formula to calculate the volume-occupying
rate. They concluded that the volume-occupying rate had a significantly higher correlation
with JOA scores than the sagittal diameter of the secondary cervical spinal canal and the
effective cervical spinal canal ratio.

However, specific studies focused on the relationship between the spinal canal and
OPLL are lacking [11,31]. Wang et al. [31] measured the amount of SCA expansion in
82 patients with cervical myelopathy after open-door laminoplasty and found an increase
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of 123.01 = 17.06 mm?. Park et al. [11] have described a bony spinal canal dimension that
increased from 204.3 to 331.7 mm? after a single open-door laminoplasty. Similarly, in our
study, the average BCA increased from 239.12 mm? to 351.19 mm? (46.9%), and the average
SCA increased from 157.35 mm? to 257.85 mm? (63.9%).

Neurologically, conservative management is generally indicated for patients main-
taining JOA scores > 15, with most spine surgeons considering JOA scores of 12-13 as the
surgical intervention threshold [32]. While overall cohort analysis revealed no significant
differences in pre- and postoperative JOA scores, stratified analysis by myelopathy severity
demonstrated significant postoperative improvement in the severe group (8.33 vs. 10.83,
p < 0.05) but not in the mild-to-moderate group. Similarly, initial analysis of the entire
cohort showed no significant differences in NDI, NRS-neck, NRS-R, and NRS-L scores
between pre- and postoperative states. However, subgroup analysis revealed significant
improvements in NDI (31.33 vs. 32.55, p < 0.05) and NRS-neck scores (3.89 vs. 2.50, p < 0.05)
within the mild-to-moderate group. These findings suggest two important clinical impli-
cations. First, clinical outcomes following surgical intervention for OPLL appear to be
dependent on preoperative myelopathy severity. Second, contrary to previous reports
suggesting axial neck pain as a potential complication of open-door laminoplasty in cervical
myelopathy [33,34], our findings demonstrate improvements in both NDI and NRS-neck
scores postoperatively.

Although OPLL patients may initially present as asymptomatic, they frequently expe-
rience axial neck pain or radicular symptoms prior to developing myelopathic manifes-
tations [35]. During early-stage myelopathy, clinical deterioration may be more readily
detected through NRS or NDI scores rather than JOA scores, which are more specific to
myelopathy. Meanwhile, neurological recovery has been identified as an independent
factor significantly associated with the reduction in postoperative neck pain in patients with
cervical myelopathy due to OPLL who underwent cervical spine surgery [36]. Additionally,
recent studies suggest that axial neck pain does not necessarily worsen after laminoplasty
when appropriate patient selection and surgical techniques are applied [37,38].

These results were consistent with the observed relationship between radiologic and
clinical outcomes. The degree of BCA expansion was found to be related to improvements
in neck pain, as reflected by NDI and NRS-neck scores. In contrast, myelopathy symptoms,
as represented by JOA scores, did not show a significant correlation with canal expansion.
Consequently, canal expansion appears to be more closely associated with neck pain than
with neurological symptoms.

Previous studies investigating French-door laminoplasty in degenerative cervical
myelopathy have reported that insufficient spinal cord expansion following adequate
decompression may predict suboptimal neurological recovery [39]. However, evidence
explaining the relationship between spinal canal expansion and the improvement of clinical
outcomes remains limited. Our findings suggest that alleviation of spinal canal compression
may primarily contribute to the improvement of early myelopathic symptoms, particularly
neck pain and functional disability. The lack of significant correlation between JOA scores
and canal expansion in our study may be attributed to the disproportionate distribution of
myelopathy severity in our cohort (mild-moderate: 1 = 22; severe: n = 14). Based on these
observations, laminoplasty may be indicated not only for spinal canal decompression in
severe myelopathy but also for the amelioration of neck pain and functional disability in
patients with OPLL-associated myelopathy.

This study has several limitations. First, the sample size was relatively small, with
only 36 patients, due to the strict inclusion criteria. In addition, the severity of myelopathy
in the included patients varied according to JOA scores. Further studies with larger cohorts
are needed to validate these results, as clinical outcomes may vary significantly depending
on the severity of myelopathy and the number of patients in this study was limited. Second,
not all patients underwent the same surgical technique. C3 laminectomy was performed
in 21 patients, while laminoplasty was performed on C3 in 15 patients. Some authors
have reported that C3 laminoplasty can affect axial neck pain postoperatively [13,14,37].
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However, in our subgroup analysis, there was no significant difference in neck pain between
the C3 laminoplasty group and the laminectomy group. Third, long-term follow-up results
were not analyzed. This study evaluated clinical scores two years after surgery, while
previous studies have reported that recovery in patients with cervical myelopathy typically
reaches a plateau between 6 months and 1 year after surgery [40,41].

Despite these limitations, this study is meaningful in that it analyzed the relation-
ships between radiologic measurements and clinical outcomes. In addition to improving
myelopathy symptoms in severe cases, cervical open-door laminoplasty could be effective
in improving neck pain and NDI through spinal canal expansion.

5. Conclusions

Cervical open-door laminoplasty is an effective surgical technique for increasing
the bony canal and spinal canal area in patients with OPLL. This study demonstrated
that spinal canal expansion improved myelopathy symptoms in severe cases and was
significantly correlated with improvements in neck pain and disability. While laminoplasty
is typically considered for relieving myelopathy, it may also improve quality of life through
the alleviation of neck pain and disability. Further research is needed to validate the
long-term clinical benefits and to better understand the relationship between spinal canal
expansion and clinical outcomes in OPLL patients.
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Abstract

Background: Biportal endoscopic transforaminal lumbar interbody fusion (BESS-TLIF)
is an emerging minimally invasive technique. This study aimed to evaluate the two-year
radiological fusion outcomes of single-level BESS-TLIF using a specific banana-shaped,
porous titanium interbody cage. Methods: This retrospective study reviewed 51 patients
who underwent the specified procedure. The primary endpoint was the radiological fusion
rate, assessed by computed tomography (CT) over 24 months using a three-grade system.
Factors influencing fusion, particularly bone graft composition (demineralized bone matrix
[DBM] only vs. DBM with I-factor), were also analyzed. Results: The final complete fusion
rate at two years was 96.1% (49/51; 95% Confidence Interval (CI), 86.5-99.5%). Bony fusion
occurred predominantly in the posterior and intracage regions. The only significant factor
influencing fusion was the bone graft material. The ‘DBM with I-factor’ group achieved
complete fusion significantly faster than the ‘DBM only’ group (log-rank test, p < 0.001),
with a higher final fusion rate (100% vs. 83.3%, p = 0.045). Conclusions: Single-level
BESS-TLIF using a banana-shaped, porous titanium cage provides favourable two-year
radiological fusion rates. The selective addition of I-factor as an osteoinductive supplement
can significantly accelerate the time to achieve solid arthrodesis.

Keywords: endoscopic spinal surgery; transforaminal lumbar interbody fusion;
radiological fusion; porous titanium cage; interbody fusion; minimally invasive spine
surgery; I-factor

1. Introduction

Lumbar degenerative disease is one of the most common causes of low back pain and
radiculopathy. For patients who fail to improve despite an adequate course of conservative
treatment, spinal fusion has become an effective surgical option [1]. While traditional open
transforaminal or posterior lumbar interbody fusion (TLIF/PLIF) has shown stable results,
it is associated with significant paraspinal muscle injury, which can lead to increased post-
operative pain and a prolonged recovery period. To overcome these drawbacks, minimally
invasive spine surgery (MISS) techniques were developed, and more recently, biportal en-
doscopic spinal surgery (BESS) has emerged as an even more advanced minimally invasive
approach. BESS-TLIF has been reported to have several clinical advantages, including
minimal muscle damage and faster postoperative recovery [2]. However, the evidence
regarding radiological fusion, one of the most critical criteria for the long-term success
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of BESS-TLIF, remains insufficient. Many existing studies have reported on relatively
short-term follow-up periods of around 12 months or have relied on plain radiographs,
which have limited accuracy for assessing bony fusion [3]. Furthermore, previous studies
have often included heterogeneous patient cohorts with various types of interbody cages or
multi-level fusions, making it difficult to evaluate the pure outcomes of a specific surgical
procedure and implant combination [3,4].

In particular, recently developed 3D-printed porous titanium cages have been sug-
gested to promote higher fusion rates by enhancing osseointegration compared to tradi-
tional materials like polyetheretherketone (PEEK) [5]. However, there is a lack of data on
the long-term fusion patterns when these modern cages are used in BESS-TLIF procedures.

Therefore, the purpose of this study was to conduct a detailed analysis of the long-
term, 24-month radiological fusion outcomes using computed tomography (CT), the gold
standard for fusion assessment, in patients who underwent single-level BESS-TLIF with a
single type of porous titanium cage (EIT Cellular Titanium TLIF Cage). We also aimed to
evaluate the factors that may influence the fusion status at 24 months.

2. Materials and Methods
2.1. Patient Population

This retrospective study was approved by the Institutional Review Board of our insti-
tution (IRB No. 2025-07-005) and was conducted in accordance with the ethical principles
of the Declaration of Helsinki. The requirement for written informed consent was waived
due to the study’s retrospective nature.

This study was designed to retrospectively evaluate patients who underwent pri-
mary single-level BESS-TLIF using the EIT Cellular Titanium TLIF Cage (DePuy Synthes,
Johnson & Johnson; Tuttlingen, Germany) (Figure 1). We reviewed the medical records of
patients who received this specific implant for degenerative lumbar disease. The inclusion
criteria were: (1) a diagnosis of lumbar foraminal stenosis or degenerative spondylolisthesis
of Meyerding grade I or less (representing low-grade instability); (2) persistent symptoms
despite at least three months of conservative treatment; and (3) the availability of complete
clinical and radiological data for a minimum of two years postoperatively.

Patients were excluded from the study if they had a history of previous surgery at
the index level, required multi-level fusion, or underwent a hybrid surgical procedure
combining different techniques. Patients who presented with other pathological conditions
such as active infection, spinal tumours, metastatic disease, or acute fractures were also
excluded. A total of 55 patients initially met these criteria. During the follow-up period,
four patients (7.3%) developed significant cage subsidence (>3 mm), which was considered
a procedural complication. As the resultant narrowing of the disc space also confounds the
radiological assessment of bony fusion, these 4 patients were excluded from the primary
per-protocol analysis of fusion grading. Therefore, a final cohort of 51 patients, comprising
22 males and 29 females, was included in the detailed radiological fusion analysis. All
patients underwent follow-up CT scans at 3, 6, 12, and 24 months after surgery.
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(a)

Figure 1. The banana-shaped EIT Cellular Titanium TLIF Cage and the intraoperative “insert-
and-rotate” insertion technique. (a) Photograph of the EIT Cellular Titanium TLIF Cage, showing
its porous, trabecular structure. (b) Intraoperative lateral C-arm image demonstrating the initial
insertion of the cage into the posterior aspect of the disc space. (¢) The “insert-and-rotate” maneuver
is performed on the lateral view; the inserter handle is pivoted medially, which initiates the rotation
of the cage. (d) Final lateral C-arm image confirming the cage has been rotated 90 degrees into its
correct transverse position across the interbody space.

2.2. Surgical Procedures

All surgical procedures were performed under general anesthesia. Patients were posi-
tioned prone on a Jackson table, and the surgical field was prepared and draped in a standard
sterile fashion for endoscopic spine surgery. The surgical approach was performed on the side
with predominant radicular pain. In cases of bilateral symptoms, the left-sided approach was
typically chosen to facilitate instrument handling for the right-handed surgeon.

Under C-arm fluoroscopic guidance, the operative disc level was identified. The
pedicles of the superior and inferior vertebrae of the operative segment on the side of
the surgical approach were then identified and marked on the skin. Two horizontal skin
incisions, approximately 1.5 to 2.0 cm in length, were made directly over these pedicle
markings. These incisions served as the entry portals for both the endoscopic procedure
and the subsequent ipsilateral pedicle screw fixation.

Following the incisions, a sequential dilator was introduced to bluntly dissect the
multifidus muscle, creating working channels down to the lamina. Initially, the upper
incision served as the viewing portal and the lower as the working portal. An arthroscope
was introduced through the upper portal, and a bipolar radiofrequency probe was inserted
through the lower portal. This established the initial triangulation and allowed for soft
tissue dissection and hemostasis. A clear surgical field was maintained throughout the
procedure by ensuring a smooth and continuous outflow of saline irrigation.

Once a clear surgical field was established, an ipsilateral partial laminotomy was first per-
formed and then extended via an undercutting technique to achieve bilateral decompression.
Following this decompression, the ipsilateral inferior articular process (IAP) of the superior

219



J. Clin. Med. 2025, 14, 8091

lamina was resected using an osteotome for autologous bone grafting (Figure 2a,b). Then, the
superior articular process (SAP) of the inferior lamina was partially resected to fully expose the
foraminal area (Figure 2c,d). This primary bony resection with the osteotome was performed
while preserving the ligamentum flavum, which acted as a natural barrier to protect the dura
and nerve roots. A high-speed burr was then used to remove any remaining sharp edges and
meticulously shape a smooth and safe transforaminal pathway for the subsequent steps.

Figure 2. Intraoperative endoscopic views of the key steps for decompression and endplate prepara-
tion. (a) Endoscopic view showing the exposed inferior articular process (IAP) of the superior lamina
(black arrow). (b) The IAP is resected using an osteotome. (c) After resection of the IAP, the superior
articular process (SAP) of the inferior lamina is visualized (black arrow). (d) Resection of the SAP is per-
formed with an osteotome to achieve foraminal decompression. (e) View after complete removal of the
ligamentum flavum, showing the exposed annulus fibrosus. The exiting nerve root (asterisk), traversing
nerve root (black circle), and the disc space (the dashed outline) are indicated. (f) The superior bony
endplate of the inferior vertebra (black arrow) is revealed after meticulous stripping of the cartilaginous
layer; a remnant disc fragment is marked with an asterisk. (g) Final view after endplate preparation,
showing the prepared bony margin (asterisk) and the visualized anterior margin of the annulus (arrow),
which confirms the anterior boundary of the disc space.
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Following the completion of the bony work, the ligamentum flavum was completely
removed to achieve full decompression. Using a curette and a rotating Kerrison punch,
the ligament was first gently detached from the dura and excised on the ipsilateral side.
The decompression was then extended to the contralateral side via a sublaminar approach.
The ligament was removed either en bloc or in large fragments, ensuring the thorough
decompression of the thecal sac and the traversing nerve root (Figure 2e).

Once neural decompression was completed, an annulotomy was performed using an
annular knife (Figure 2f). A thorough discectomy was then carried out to create sufficient
space for the interbody cage and bone graft. The nucleus pulposus was removed using
a combination of curettes, pituitary forceps, and smooth-edged interbody disc reamers.
Under magnified endoscopic vision, the cartilaginous endplates were then meticulously
stripped from the underlying bone, which allowed for verification of complete residual disc
removal and confirmation of endplate integrity (Figure 2g). This entire removal process
was continued until the transverse fibres of the anterior longitudinal ligament (ALL) were
clearly visualized, signifying the anterior boundary of the disc space.

Following endplate preparation, serial trials and interbody shapers were used to
determine the optimal cage size that would ensure a press-fit and restore disc height. The
saline irrigation was then temporarily paused to prevent graft washout. For interbody
grafting, a composite of local autograft harvested during decompression and DBX Putty
(demineralized bone matrix [DBM]; MTF Biologics; Edison, NJ, USA) was utilized. The local
autograft provided essential osteogenic cells, while DBM served as an osteoconductive graft
extender to supplement the often-limited autograft volume in MISS [6]. To further enhance
the biological stimulus for fusion, an osteoinductive agent was considered. While bone
morphogenetic protein-2 (BMP-2) is a potent option, its use within the interbody space has
been associated with significant complications, such as ectopic bone formation, vertebral
osteolysis, and inflammatory responses [5]. Therefore, I-factor bone graft (Cerapedix;
Westminster, CO, USA), a synthetic peptide (P-15) with a favourable safety profile for
interbody applications, was used as an osteoinductive supplement in this study [5,7,8].
Due to the additional cost, I-factor was administered only to those patients who provided
specific informed consent. This material was delivered and compacted into the anterior
portion of the disc space using a specialized funnel (Figure 3a—c).

The cage of the selected size was then packed with the remaining bone graft mixture.
Throughout the insertion, the exiting and traversing nerve roots were protected under direct
endoscopic visualization. The cage was inserted using an “insert-and-rotate” technique;
it was first introduced into the posterior disc space, after which the inserter handle was
pivoted medially. This maneuver allowed the banana-shaped cage to rotate into a transverse
orientation as it was advanced across the disc space [9]. The cage was then gently impacted
into its final position, and its placement was confirmed with C-arm fluoroscopy.

Posterior stabilization was then achieved with percutaneous pedicle screw fixation.
Under fluoroscopic guidance, cannulated pedicle screws were inserted bilaterally; the con-
tralateral screws were placed through separate incisions, while the ipsilateral screws were
inserted through the established endoscopic portals. Rods were passed percutaneously, con-
toured to the desired lordosis, and the entire construct was secured (Figure 3d,e). After
meticulous hemostasis was achieved with the radiofrequency probe, a drainage tube was
placed at the surgical site. The fascia and skin incisions were then closed in a layered fashion.
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i

Figure 3. Surgical instruments and the procedure for interbody bone graft delivery. (a) The specialized

bone graft funnel and the corresponding impactor used to deliver the graft material into the disc space.
(b) Intraoperative endoscopic view showing the funnel correctly positioned at the entrance of the
prepared disc space. (c) Lateral C-arm image confirming the position of the funnel and demonstrating
the delivery of the bone graft material into the interbody space. (d) Intraoperative lateral C-arm
image showing the insertion of percutaneous pedicle screws for posterior stabilization after cage
placement. (e) Final anteroposterior radiograph showing the completed construct with the cage and
pedicle screws.

2.3. Postoperative Management

Postoperatively, all patients were required to wear a thoracolumbar sacral orthosis
(TLSO) for a period of six months to provide external stability. To further promote bony
fusion, a 6-month course of teriparatide (Terrosa®; Gedeon Richter Plc.; Budapest, Hun-
gary; 20 pg daily, subcutaneous injection) was administered. This 6-month duration was
strategically chosen to maximize the therapeutic effect within teriparatide’s peak “anabolic
window,” which is the initial phase when its bone-forming activity significantly exceeds
bone resorption, while also maintaining cost-effectiveness for the patient [10,11].

2.4. Clinical and Radiological Assessment
2.4.1. Primary Endpoint: Radiological Fusion Assessment

The primary endpoint of this study was the radiological fusion rate, assessed using
multi-planar reconstructed CT images obtained at 3, 6, 12, and 24 months postoperatively.
To provide a detailed analysis, the location of new bone formation was classified based
on its position relative to the cage. On sagittal plane images, the locations were defined
as (A) anterior to the cage, (I) inside the cage, and (P) posterior to the cage. On coronal
plane images, they were defined as (L) left of the cage, (I) inside the cage, and (R) right of
the cage (Figure 4).
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Figure 4. Schematic diagrams illustrating the classification of fusion location. The location of new
bone formation was assessed relative to the interbody cage on multi-planar CT images. (a) On the
sagittal plane, fusion was evaluated in three zones: anterior to the cage (A), inside the cage (I), and
posterior to the cage (P). (b) On the coronal plane, fusion was evaluated in three zones: right of the
cage (R), inside the cage (I), and left of the cage (L). The laterality (left/right) was determined based
on the radiological orientation of the CT image.

The degree of fusion was evaluated using a simplified three-grade grading system.
While the classification described by Bridwell et al. is a foundational standard, we adopted
a more distinct definition for clarity, inspired by the methodology of a prior study on PLIF
fusion rates [12]. Fusion was graded as follows: Grade 0 (Non-union) was defined as the
complete absence of bone growth; Grade 1 (Partial Fusion) as the presence of bone growth
without a continuous bone bridge connecting the superior and inferior vertebral bodies;
and Grade 2 (Complete Fusion) as the formation of a continuous, solid bone bridge. For
the final analysis, Grade 2 was considered a successful fusion (Figure 5).

Sagittal

Plane

Fusion Grade

Coronal

Plain

Fusion Grade RO, 10, LO R1, 11, LO R1, 12, LO

Figure 5. Radiological criteria and representative CT images for the three-grade fusion grading
system. The figure illustrates the grading system used to assess bony fusion on multi-planar CT
images, with representative examples provided for both the sagittal (left column) and coronal
(right column) planes. Fusion was categorized into three grades: Grade 0 (Non-union) was defined
as the complete absence of new bone formation; Grade 1 (Partial Fusion) as the presence of bone
growth without a continuous bridging trabecular bone between the vertebral bodies; and Grade 2
(Complete Fusion) as the formation of a continuous, solid bone bridge. For the purpose of the final
analysis in this study, only Grade 2 was considered a successful fusion.

2.4.2. Secondary Endpoints: Analysis of Factors Influencing Fusion

As a secondary analysis, we evaluated the influence of several variables on the radio-
logical fusion outcome at 24 months. These variables included patient-related factors such
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as age and bone mineral density (BMD), and surgery-related factors such as implanted
cage height, lordotic angle, and final cage position. The composition of the fusion materials,
as previously described, was also analyzed as a factor, categorized into two groups: local
autograft with DBM only, or with the addition of I-factor.

2.5. Statistical Analysis

All statistical analyses were performed using Python (version 3.9; Python Software
Foundation; Wilmington, DE, USA) with the Pandas (version 1.5.3), SciPy (version 1.10.1),
and Lifelines (version 0.27.8) libraries. Baseline characteristics were summarized using
descriptive statistics (mean & standard deviation (SD) or n [%]). The primary endpoint
was the radiological fusion status (Grade 0, 1, or 2), assessed over 24 months. To identify
factors influencing fusion, Fisher’s exact test and the Kruskal-Wallis H test were used for
univariable comparisons. Time-to-fusion events were analyzed using the Kaplan-Meier
method with the log-rank test. The frequency of fusion at different anatomical locations
was compared using Cochran’s Q test with post hoc McNemar tests. A p-value < 0.05 was
considered statistically significant.

3. Results
3.1. Baseline Demographic and Surgical Characteristics

The mean age of the cohort was 70.0 = 9.7 years, with a mean BMD T-score of —1.7 &+
1.1 (Table 1). The study population consisted of 22 males (43.1%) and 29 females (56.9%). The
most common surgical level was L4-5 (n = 27, 52.9%), followed by L5-S1 (n = 13, 25.5%).
A bone graft mixture including I-factor was used in the majority of patients (n = 39, 76.5%).
For the interbody cage, the most frequently used height was 12 mm (n = 20, 39.2%), and the
most common lordotic angle was 8° (1 = 38, 74.5%).

Table 1. Baseline Demographic and Surgical Characteristics (1 = 51).

All Patients (1 = 51)

Age (years), mean (SD) 70.0 (9.7)
BMD, mean (SD) —-1.7 (1.1)
Sex, n (%)

Male 22 (43.1%)

Female 29 (56.9%)
Fusion Material, n (%)

DBM 12 (23.5%)

DBM with I-factor 39 (76.5%)
Surgical Level, n

L1-2 1(2.0%)

L2-3 2 (3.9%)

L34 8(15.7%)

L4-5 27 (52.9%)

L5-S1 13 (25.5%)
Cage Height (mm), 1 (%)

9 1(2.0%)

10 11 (21.6%)
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Table 1. Cont.

All Patients (1 = 51)

11 11 (21.6%)

12 20 (39.2%)

13 8 (15.7%)
Cage Angle (°), n (%)

8 38 (74.5%)

12 13 (25.5%)

Values are presented as mean (standard deviation) or # (%). SD: Standard Deviation; BMD: Bone Mineral Density;
DBM: Demineralized Bone Matrix.

3.2. Overall Fusion Rate Progression

The overall radiological fusion status showed a clear progression towards solid union
over the 24-month follow-up period (Figure 6). The rate of Complete Fusion (Grade 2)
steadily increased from 19.6% at 3 months, to 49.0% at 6 months, 76.5% at 12 months, and
ultimately reached 96.1% (49 of 51 patients; 95% CI, 86.5-99.5%) at the final follow-up.
Notably, no cases of Non-union (Grade 0) were observed at or after the 12-month follow-up,
leaving only two patients (3.9%) in a state of Partial Fusion at the study’s conclusion.

Fusion Status Over Time (n, %)

Fusion Status
1 Nonunion
@ Partial Union
H Complete Union

1004

80

39
(76.5%)

49
(96.1%)

Proportion of Patients (%)

40

20

15
(29.4%) 12
(23.5%)

3 Months 6Months 12 Months 24 Months
Follow-up Period

Figure 6. Progression of Radiological Fusion Status Over Time.

This 100% stacked bar chart illustrates the changes in fusion status at the 3, 6, 12, and
24-month follow-up points. The proportions of patients classified as non-union (Grade 0),
partial fusion (Grade 1), and complete fusion (Grade 2) are represented by different shades.
The numbers within each segment indicate the absolute number of patients (1) and the
corresponding percentage (%). A clear, progressive increase in the rate of complete fusion
is demonstrated, reaching 96.1% at the final follow-up.

3.3. Analysis of Fusion Location at 24 Months

The complete fusion rates at the 24-month follow-up were analyzed separately for the
sagittal and coronal planes. In the sagittal plane, the complete fusion rate was highest in the
posterior location (76.5%), followed by the intracage (62.7%) and anterior (31.4%) locations.
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A Cochran’s Q test confirmed a statistically significant difference among these three sites
(p < 0.0001). Post hoc analysis revealed that fusion rates in the posterior and intracage
locations were significantly higher than in the anterior location. In the coronal plane, the
intracage location had the highest fusion rate (72.5%), compared to the left (29.4%) and right
(21.6%) locations. This difference was also statistically significant (p < 0.0001, Cochran’s Q
test), with post hoc tests showing that the intracage fusion rate was significantly higher
than both the left and right sides. These analyses statistically demonstrate that successful
bony fusion occurred predominantly in the posterior region on sagittal view and within
the intracage region on coronal view.

3.4. Factors Influencing Fusion Outcomes

An analysis was performed to identify factors associated with the final fusion status
at 24 months (Table 2). No statistically significant association was found between the
final fusion outcome (complete vs. partial Fusion) and patient-related factors, including
mean age (69.8 vs. 75.0 years, p = 0.679) and BMD T-score (—1.7 vs. —2.1, p = 0.561).
Similarly, various surgery-related factors—such as cage height, lordotic angle, insertion site,
and final cage position—did not show a significant influence on the 24-month fusion rate
(all p > 0.05).

Table 2. Analysis of Factors Associated with Fusion Status at 24 Months.

Complete Fusion (1 = 49) Partial Fusion (1 = 2) p-Value

Age (years) 69.8 (9.7) 75.0 (11.3) 0.679
BMD (T-score) —1.7 (1.1) —2.1(0.6) 0.561
Cage Height (mm) 11.5 (1.1) 10.5 (0.7) 0.171
Cage Angle (°) 9.0 (1.7) 10.0 (2.8) 0.422
Insertion Site

Right 29 (59.2) 0(0.0) 0.353

Left 20 (40.8) 2 (100.0)
Cage Position

Centre 23 (46.9) 1 (50.0)

Anterior 22 (44.9) 1 (50.0) 0.981

Anterior-Posterior 2(4.1) 0(0.0)

Posterior 2 (4.1) 0(0.0)
Fusion Material
DBM only 10 (20.4) 2 (100.0)
DBM with I-factor 39 (79.6) 0(0.0) 0.045

Values are presented as mean (standard deviation) or n (%). Continuous variables were compared using the
Kruskal-Wallis H test, and categorical variables were compared using Fisher’s exact test. p < 0.05 was considered
statistically significant. BMD: Bone Mineral Density; DBM: Demineralized Bone Matrix.

In contrast, the composition of the bone graft material was the only factor found to
have a significant influence on the fusion outcome (Table 3). The ‘DBM with I-factor’ group
demonstrated a significantly higher rate of achieving complete Fusion compared to the
‘DBM only” group at all postoperative follow-up points: 3 months (p < 0.001), 6 months
(p =0.002), 12 months (p = 0.022), and at the final 24-month follow-up (p = 0.045). At the
24-month assessment, all 39 patients (100%) in the ‘DBM with I-factor” group achieved
complete Fusion, whereas 10 of the 12 patients (83.3%) in the ‘DBM only” group achieved
the same, with two patients remaining in a state of Partial Fusion.
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Table 3. Comparison of Fusion Progression by Bone Graft Material.

DBM Only DBM with

Follow-Up Fusion Status n=12) I-Factor (1 = 39) p-Value
Nonunion 11 4
3 Months Partial Union 1 25 <0.001
Complete Union 0 10
Nonunion 2 1
6 Months Partial Union 9 14 0.002
Complete Union 1 24
Nonunion 0 0
12 Months Partial Union 6 6 0.022
Complete Union 6 33
Nonunion 0
24 Months Partial Union 2 0.045

Complete Union 10 39

Values are presented as n (%). p-values were obtained using Fisher’s exact test to compare the distribution
of fusion grades between the two groups at each time point. p < 0.05 was considered statistically significant.
DBM: Demineralized Bone Matrix.

While comparisons at each individual follow-up point revealed higher fusion rates for
the ‘DBM with I-factor’ group, to more comprehensively evaluate the overall progression of
fusion over the entire follow-up period, a Kaplan—Meier analysis was performed (Figure 7).
This analysis confirmed that the “DBM with I-factor” group (n = 39) achieved complete
Fusion at a significantly faster overall rate than the ‘DBM only” group (n = 12). The
difference between the survival curves was statistically significant (log-rank test, p < 0.001).

Time to Complete Fusion

Group
—-— DBM only (n=12)
: ---- DBM with I-factor (n=39)
i —— All Patients (n=51)
|
|
|

o
o

o
IS

o
N

Proportion Not Reaching Complete Fusion

o
o

o
v

10 15 20 25
Time (Months)

Figure 7. Kaplan—-Meier curves for the time to complete fusion.

The plot shows the proportion of patients who had not yet achieved complete fusion
over a 24-month follow-up period. The central lines represent the Kaplan-Meier estimates
for each group: the solid line for all patients (1 = 51), the dashed line for the DBM + I-factor
group (n = 39), and the dash-dot line for the DBM only group (n = 12). Each corresponding
shaded area represents the 95% confidence interval for that estimate. A log-rank test was
used to compare the curves between the ‘DBM only” and ‘DBM with I-factor’ groups, which
showed a statistically significant difference (p < 0.001).
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4. Discussions

The primary finding of this study is the high rate of radiological fusion following BESS-
TLIF using the EIT Cellular Titanium cage. At the final 24-month follow-up, a complete
fusion (Grade 2) rate of 96.1% was achieved. Our analysis also revealed that bony fusion
occurred predominantly in the posterior and intracage regions, and that the addition of
I-factor significantly accelerated the time to achieve solid fusion.

The 96.1% fusion rate in this study is consistent with the 95.2% pooled fusion rate
for the BESS-TLIF technique reported in a recent meta-analysis [13]. Furthermore, this
high fusion rate is comparable to the findings of a recent meta-analysis on conventional
techniques, which reported fusion rates of 94.8% for MIS-TLIF and 93.9% for open TLIF [14].
This suggests that the BESS-TLIF technique, when combined with a porous titanium
cage, can achieve a fusion success rate at least equivalent to that of more traditional and
invasive approaches.

The high fusion rate in this study may also be attributable to the characteristics of
the interbody cage. The banana-shaped design allows for a large footprint, maximizing
contact with the biomechanically robust apophyseal ring of the vertebral endplate [15].
Moreover, the favourable outcomes in this study are likely attributable in large part to the
characteristics of the interbody implant. The EIT cage is constructed from highly porous
titanium, with a trabecular structure designed to mimic cancellous bone and facilitate
osseointegration [16]. The clinical superiority of such materials over traditional PEEK
is increasingly supported by high-level evidence; a recent meta-analysis confirmed that
porous titanium cages are associated with significantly higher fusion rates and lower
subsidence rates [17].

During our procedure, bone graft material was first placed into the prepared disc space,
followed by the insertion of the interbody cage. This procedural sequence consequently
leaves a relatively smaller volume of graft material in the posterior aspect of the segment.
Despite this, a notable finding was that the rate of Complete Fusion in the posterior region
(76.5%) was significantly higher than that in the anterior region. This finding is consistent
with previous CT-based analyses of interbody fusion patterns, which have demonstrated
that bone union tends to initiate at the posterior margin of the disc space [18]. Following
stabilization with an interbody cage and pedicle screws, the posterior aspect of the disc
space is subjected to significant compressive forces [19]. This concentrated mechanical
stress is known to stimulate a robust bone formation response, which likely explains the
observed fusion pattern [20].

Furthermore, the analysis of the coronal plane revealed another important fusion
pattern: the rate of intracage fusion (72.5%) was significantly higher than the fusion rates
in the lateral aspects of the disc space (29.4% on the left and 21.6% on the right). This
finding is consistent with the biomechanical principles of interbody fusion. The interbody
cage is designed to be the primary load-bearing structure, transmitting axial compressive
forces through the centre of the vertebral endplates [21]. This creates an ideal mechanical
environment for osteogenesis within and immediately around the cage, which also contains
the most densely packed bone graft on an osteoconductive scaffold [22]. The lateral gutters,
in contrast, are subjected to less direct compressive loading, which may explain the lower
fusion rates observed in these areas [23].

The only factor found to have a statistically significant influence on fusion outcomes
in this study was the composition of the bone graft material. The Kaplan—Meier analysis
confirmed a significantly faster time to achieve solid fusion in the ‘DBM with I-factor’
group compared to the ‘DBM only” group (log-rank test, p < 0.001). Furthermore, at
the final 24-month follow-up, the Complete Fusion rate was 100% in the I-factor group
versus 83.3% in the ‘DBM only” group. This finding can be attributed to the different
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biological mechanisms of the graft materials. DBM primarily acts as an osteoconductive
scaffold, providing a passive framework for bone growth. In contrast, I-factor is a synthetic
peptide (P-15) that functions as an osteoinductive agent. Specifically, the P-15 peptide
mimics the binding site of Type I collagen, which actively attracts osteoprogenitor cells
and stimulates their attachment and proliferation to enhance the cascade of new bone
formation [8]. While other potent osteoinductive agents, such as recombinant human bone
morphogenetic protein-2 (thBMP-2), are available, their use in MISS procedures has been
linked to significant complications like ectopic bone formation and vertebral osteolysis, as
noted in our methods [5,8]. Our results, which align with the known biological activity of
P-15, suggest that the selective addition of this synthetic peptide, which offers a favourable
safety profile, can be a valuable strategy to accelerate and ensure a higher probability of
successful arthrodesis in BESS-TLIF procedures.

The present study has several distinct features. First, the study cohort was highly
homogeneous. By including only patients who underwent single-level fusion with a single,
specific type of interbody cage, we minimized the confounding effects of surgical and
implant-related variables. This allows for a more direct assessment of the radiological out-
comes of the BESS-TLIF procedure when performed under these standardized conditions.
Second, our study utilized CT scans for fusion assessment up to a 24-month follow-up. The
use of CT, which is considered the gold standard for evaluating bony fusion, at a long-term
time point provides a more accurate and reliable assessment of fusion status compared to
studies with shorter follow-up periods or those relying solely on plain radiographs.

This study has several limitations that should be acknowledged. First, its retrospective
design is subject to inherent selection bias and potential inconsistencies in the collected data.
Second, the relatively small sample size and the single-centre nature of the study may limit
the generalizability of our findings to a broader patient population. Third, this was a single-
arm study without a direct comparative control group, such as patients undergoing open
TLIF or implantation with a different type of cage. Finally, our analysis focused exclusively
on radiological outcomes, and a correlation with clinical results, such as pain and functional
scores, was not performed. Therefore, the high radiological fusion rate reported here does
not necessarily translate to a superior clinical outcome. Furthermore, it is important to note
that four patients (7.3% of the initial cohort) were excluded from the final fusion analysis
due to significant cage subsidence [6]. While these cases were excluded because severe
subsidence confounds the accurate radiological assessment of fusion, subsidence itself can
be considered a form of mechanical or biological failure. Therefore, the reported fusion
rate of 96.1% should be interpreted with caution, as it represents a per-protocol outcome
and may potentially overestimate the overall success rate of the procedure.

5. Conclusions

In conclusion, this study demonstrates that single-level BESS-TLIF using a banana-
shaped, porous titanium cage can achieve a very high radiological fusion rate of 96.1%
(95% CI, 86.5-99.5%) at the 24-month long-term follow-up. Successful bony fusion oc-
curred predominantly in the posterior and intracage regions of the vertebral segment,
suggesting the importance of a stable biomechanical environment. Furthermore, the ad-
dition of an osteoinductive biologic agent (I-factor) was found to significantly accelerate
the time to achieve fusion. Therefore, the results of this study, with its strictly controlled
variables, support that BESS-TLIF, when combined with a porous titanium implant of this
specific design, is an effective minimally invasive treatment method capable of achieving
reliable bony fusion.
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