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Abstract: Adjacent segment disease (ASD) is a prevalent complication following lumbar fusion
surgery, representing a significant challenge in spinal surgery. This study aimed to assess the long-
term outcomes of Nitinol spring rod semi-rigid fixation, a potential alternative to traditional rigid
fixation, in reducing the incidence of ASD. This retrospective case study evaluated 89 patients who
underwent lumbar or lumbosacral surgeries using a combination of Bioflex® (a Nitinol spring rod
dynamic stabilization system) and an interbody cage over 10 years of follow-up. The fusion status,
adjacent segment disc height, mechanical complications, and re-operation rates were analyzed. The
cohort had a median follow-up duration of 13.0 years. All patients achieved solid fusion at the final
follow-up visit. One patient underwent revision surgery for clinical ASD (1.1%), and no patients
required revision surgery due to mechanical problems. Radiological evidence of ASD was observed
in 16.9% of the patients. This study’s findings suggest that semi-rigid fixation using Bioflex with an
interbody cage is a possibly effective treatment strategy to prevent ASD. The technique potentially
reduces the risk of ASD by allowing a degree of movement at the surgical site.
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1. Introduction

Lumbar surgery, primarily dominated by rigid fusion techniques, has been a corner-
stone in treating degenerative spinal conditions [1]. However, this approach has been
increasingly scrutinized due to the rising incidence of adjacent segment disease (ASD), a
significant complication that compromises patients’ long-term outcomes [2-10]. In spine
surgery, ASD is defined as degeneration occurring in the mobile segments above or be-
low the fused spinal segment, and it can result in adjacent segment listhesis, instability,
herniated nucleus pulposus, stenosis, hypertrophic facet arthritis, scoliosis, and vertebral
compression fractures [11,12]. While rigid fusion provides stability, it often does so at the
cost of increased mechanical stress on adjacent segments, leading to ASD, as revealed in
some biomechanical studies [13,14]. Radiological ASD was reported to have an incidence
rate of 42.6% beyond a five-year follow-up [15]. The incidence of clinically significant ASD,
necessitating revision surgery, ranges from 4.7% to 27.4% [5]. This issue has prompted the
exploration of motion-preserving fixation methods as alternatives. Dynamic stabilization
methods, such as Dynesis, ISObar-TTL, and PEEK (polyetheretherketone) rods, which aim
to preserve motion while offering stability, initially showed promise but faced setbacks
mainly due to a high rate of mechanical complications [16,17]. Semi-rigid fixation tech-
niques, although less explored, offer a potential compromise. These methods strive for
a balance between the rigidity needed for effective stabilization and the flexibility that is
necessary to mitigate the mechanical impact on adjacent segments. Our study aimed to
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evaluate the long-term outcomes of semi-rigid fixation in lumbar surgery with a Nitinol
spring rod (Bioflex) and an interbody cage. Nitinol is an alloy of nickel and titanium that
belongs to a class of materials called shape memory alloys. Nitinol implants have high
elasticity, high tensile force, and flexibility (below 10 °C), but they have rigidity (above
30 °C) and biological compatibility. This system has been used to preserve motion at the
area of implantation. However, the standalone use of Bioflex and e-pedicle screws is not
widely adopted due to concerns about mechanical failure [18]. We specifically hypothesized
that the use of posteriorly placed Nitinol spring rods combined with the stability provided
by an anterior cage would not impede the achievement of fusion and would result in
a lower incidence of adjacent segment disease (ASD) compared to fusion surgery using
rigid rods based on the reported outcomes of fusion surgery using rigid rods. Through
documenting and analyzing the long-term outcomes of using this method, our aim is to
contribute to the ongoing discussion on spinal surgery techniques and potentially redefine
surgical strategies to improve patient outcomes in treating lumbar degenerative diseases.

2. Materials and Methods
2.1. Patient Population

This retrospective study included 89 patients who underwent surgery for degenerative
disorders of L2-51 using the Bioflex system and an interbody cage. This study was approved
by the institutional review board of our hospital and our Institutional Regional Board, and
the requirement for informed consent was waived in view of the retrospective nature of
this study. From 2006 to 2010, a total of 462 patients underwent surgery. Among them,
146 patients (31.6%) had clinical data available for more than 10 years, and 89 patients (19%)
had radiologic data. The surgical indications are identical to those of lumbar fusion surgery
in degenerative conditions: severe radiating pain that persists despite more than 3 months
of conservative treatment and the corresponding evidence of degenerative stenosis, degen-
erative spondylolisthesis, or spondylolytic spondylolisthesis. Patients under 18 years of age,
with less than 10 years of follow-up, or with conditions other than degenerative diseases,
such as infection, tumor, trauma, or congenital anomalies, were excluded from this study.
Patients diagnosed with severe coronal deformities or osteoporosis were also excluded
from this study. The average age of the patients at the time of surgery was 53.5 years, with
females comprising 67% of the cohort. The average number of surgical levels involved was
1.4 + 0.6, the follow-up period averaged 13.3 years (ranging from 10 to 17.5 years), and
the mean body mass index (BMI) was 25.0 & 2.9 kg/m?. The distribution of conditions
was as follows: 24 patients (27%) had degenerative stenosis, 21 (23.6%) had degenerative
spondylolisthesis, and 44 (49.4%) had spondylolytic spondylolisthesis (Table 1). The post
hoc power analysis indicated that with an effect size of 89, this study had a power of 91%
to detect significant differences with an alpha level of 0.05. This suggests that the sample
size of 89 patients was sufficient to achieve adequate statistical power for the primary
outcome measures.

Table 1. The demographic and clinical characteristics of the patients.

Value Percentage (%)
Age (years) 53.5
Gender
Female 60 67.4%
Male 29 32.6%
Follow-up period (years) 13.0
Body mass index (kg/m?) 25.0+2.9
Disease
Degenerative stenosis 24 27%
Degenerative spondylolisthesis 21 23.6%

Spondylolytic spondylolisthesis 44 49.4%
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Table 1. Cont.

Value Percentage (%)

Uppermost instrumented vertebra

L2 1 1.1%

L3 22 24.7%

L4 44 49.4%

L5 22 25%
Lowermost instrumented vertebra

L4 6 6.7%

L5 46 51.7%

S1 37 41.6%
Surgery level

14+£0.6

1 level 58 65.2%

2 level 26 29.5%

3 level 5 5.7%

For parametric distributions, the values are expressed as the mean =+ standard deviation. For non-parametric
distributions, the values are represented as the median. The percentages were calculated based on the total
number of patients.

2.2. Surgical Procedure

The posterior dynamic stabilization system used in this study (Bioflex System; Biospine
Co., Ltd., Seoul, Republic of Korea) consisted of Ti6Al4V pedicle screws and a Nitinol spring
rod. Nitinol is a nickel alloy, and Ti6Al4V is a shape memory alloy that was invented in
1962 by the US Naval Ordnance Laboratory. The diameter of the straight part in the Nitinol
spring rod is 4 mm, featuring a coiled shape with 1 or 2 turns designed to provide physi-
ological stability during flexion, extension, and lateral bending (Figure 1A, Supplement
Video S1). The anterior fixation system used in this study comprised a threaded round
cage made of Ti6Al4V (Figure 1B). The surgical procedure mirrored that of conventional
posterior lumbar interbody fusion (PLIF) with a pedicle screw system. Under general
endotracheal anesthesia, the patient was placed in a prone position. The procedure in-
volved a midline incision, laminectomy at the target level, and discectomy. Pedicle screws
were inserted into the pedicles bilaterally under fluoroscopic guidance. After meticulous
preparation of the cartilaginous endplate, the cage was carefully inserted between the
vertebral bodies by the threaded combination method without damaging the endplate. For
the disc space, a threaded round titanium (Ti6Al4V) cage with a size that could reach as far
forward into the disc space as possible, where cortical bone is more abundant, was chosen to
prevent subsidence [19]. Finally, the Bioflex Nitinol spring rod and set screws were inserted.
Appropriate positioning was confirmed by X-ray imaging before finishing surgery.

% ®)

Figure 1. (A) Photographs depicting the components of the BioFlex dynamic stabilization system

consisting of titanium screws and Nitinol rods. There are 2 types of rods: 1 features a single-turn coil,
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and the other has a dual-turn coil. The photograph in the upper right corner illustrates the unique
design of the BioFlex screw head. The design incorporates 2 grooves, allowing for the insertion of
2 rods per segment in instances where stabilization extends beyond a single segment (adapted with
permission from Bio-Spine Corp, Seoul, Republic of Korea.). (B) Photographs of a threaded round
cage made of Ti6Al4V.

2.3. Radiologic Outcome Measures

All radiographs were analyzed using validated software (Surgimap Version 2.3.2.1.,
Nemaris Inc., New York, NY, USA). Lumbar lordosis (LL; cobb’s angle from L1 upper
endplate to S1 upper endplate) was measured in plain radiographs preoperatively, post-
operatively, and at the final follow-up. The mean disc height (MDH) was calculated as
the mean of the anterior, middle, and posterior disc heights (Figure 2) [20]. The reduction
in the adjacent MDH was determined by comparing the final follow-up MDH to the
preoperative MDH. Fusion was considered to be achieved when a clear bone bridging
through the cages was detected on CT scan multiplanar reconstructions. The degeneration
of adjacent discs was graded using the Weiner classification, which is based on the disc
height and degenerative changes like osteophytes [21]. Radiographic ASD was defined
as the development of spondylolisthesis > 4 mm, segmental kyphosis > 10°, the complete
collapse of the disc space, or a deterioration in the Weiner classification of 2 or more
grades [22].

Figure 2. Radiographic measurements of the lumbar disc height: A, anterior disc height; B, middle
disc height; C, posterior disc height. Disc height = (A + B + C)/3 (mm).

2.4. Statistical Analysis

Numerical data are expressed as the mean =+ standard deviation for parametric dis-
tributions and the median with an interquartile range for non-parametric distributions.
Student’s t-test, a parametric test, was employed to compare the means between 2 groups
when the data were normally distributed. For non-normally distributed data or when
dealing with ordinal data or non-numeric outcomes, the non-parametric test known as the
Wilcoxon signed-rank test was utilized. A p-value of less than 0.05 was set as the threshold
for statistical significance to determine meaningful differences or changes. The choice of
test was based on the Shapiro-Wilk test for normality and the presence of outliers, which
was assessed prior to the main analysis. All statistical analyses were conducted using SPSS
Ver. 26 (SPSS, Inc., Chicago, IL, USA).
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3. Results

This study examined the preservation of the disc height in a total of 89 patients. The
mean follow-up time was 159 months. Out of 146 patients, 89, along with an additional
58 who were not included in this study, demonstrated outcomes according to the Modified
Odom’s Criteria: 30.8% were rated as good, 67.1% as better, and 2.1% as fair, and there were
no poor outcomes [23]. The upper adjacent MDH was maintained at 84.6 &+ 15.1% across
all levels of surgery, without a significant difference being observed between the number
of levels operated on (p = 0.12). The lower disc height was maintained at 89.4 & 8.4%
overall, and the level of surgery was not related to the MDH (p = 0.95). The occurrence
of spondylolisthesis at the last follow-up was 5.7% (five patients) in the total population.
Dividing by the number of levels operated revealed that 7% (four patients) had single-level
surgeries, 3.8% (one patient) had two-level surgeries, and none had three-level surgeries,
which was not statistically significant (p = 1).

Fifteen (16.9%) of the total cohort developed ASD. There was a notable increase in
ASD incidence with the number of levels operated: 13.8% (eight patients) had single-level
surgeries, 15.4% (four patients) had two-level surgeries, and 60.0% (three patients) had
three-level surgeries (p = 0.03). Five cases of rod fracture and one case of cage subsidence
greater than 2 mm occurred, although there were no correlated symptoms (Table 2). One
patient in her seventh year after L4-5 surgery underwent revision surgery for clinical ASD.
Aside from this case, no other patients required revision surgery (illustrative case, Figure 3).

Table 2. Surgical outcomes based on level of surgery.

1-Level Surgery  2-Level Surgery  3-Level Surgery

Total (N = 89) (N = 58) (N = 26) (N=5) p-Value

Upper disc height preservation (%) 84.6 £15.2 873 +9.1 82.8 £20.0 63.4 £ 257 0.12
Lower disc height preservation (%) 89.2 + 84 89.4 £ 8.6 89.1 + 8.6 92.0 0.95
Spondylolisthesis 1

No 84 (94.4%) 54 (93.1%) 25 (96.2%) 5 (100%)

Yes 5(5.6%) 4 (6.9%) 1(3.8%) 0 (0.0%)
Adjacent segment disease 0.03 *

No 74 (83.1%) 50 (86.2%) 22 (84.6%) 2 (40.0%)

Yes 15 (16.9%) 8 (13.8%) 4 (15.4%) 3 (60.0%)

Disc height maintenance (%) refers to the percentage of disc height preserved at the final follow-up compared to
the preoperative measurement. The descriptive data are presented as the mean =+ standard deviation or number
(%). * p < 0.05 indicates a statistically significant difference.

Figure 3. Illustrative case. (A) A 48-year-old male patient underwent L4-5-51 fusion surgery using
a Nitinol spring rod due to severe lower back pain and bilateral radiculopathy stemming from
L4-5 stenosis and L5-S1 spondylolytic spondylolisthesis. (A) A preoperative lateral radiograph.
(B) A radiograph taken 1 year post-operation. (C) A radiograph taken 16 years post-operation. No
mechanical failure is observed, and solid fusion is evident. (D) A sagittal view of the computer
tomography 16 years post-operation showing solid fusion at both operated levels. (E) An axial MRI
image of the adjacent level (L3—4) 16 years post-operation.
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The preoperative LL was documented at 37.8 & 10.9°. Immediately post-operatively,
LL showed remarkable consistency with an immediate post-operative measurement of
37.9 £ 9.6°. The long-term follow-up revealed a slight non-significant reduction in LL to
36.5 + 11.4°, suggesting the preservation of spinal curvature throughout the course of
recovery and beyond (Table 3). At the final follow-up, it was confirmed that fusion had
occurred at the site of the interbody cage in all cases in this study.

Table 3. The lumbar lordosis measurement of the angle.

Measurement Value (Mean + SD)
Lumbar lordosis
Preoperatively 37.8 +10.9°
Immediately post-operatively 379 £9.6°
Final follow-up 36.5 £ 11.4°

In the final follow-up, a significant difference was observed when comparing patients
with ASD to those without ASD based on the number of surgery levels. The incidence
of ASD was 13.8% for one level, 26.7% for two levels, and 60% for three levels (p = 0.03).
However, there were no significant differences in age, gender, BMI, follow-up periods, or
lumbar lordosis between the preoperative period and final follow-up (Table 4).

Table 4. Comparison of demographic and clinical characteristics between patients with and without
ASD at final follow-up.

Non-ASD ASD p-Value
(n="74) (n =15)
Age (years) 53.5 51.0 0.99
Gender 0.13
Female 47 (78.3%) 13 (21.7%)
Male 27 (93.1%) 2(6.9%)
BMI (kg/m?) 249429 254428 0.54
Surgery level 0.03 *
1 50 (86.2%) 8 (13.8%)
2 22 (84.6%) 4 (26.7%)
3 2 (40%) 3 (60%)
Follow-up periods (years) 13.1 12.7 0.08
Lumbar lordosis
Preoperative 373 £11.9° 39.5+5.6° 0.41
Post-operative 35.2 £10.8° 33.3£9.2° 0.33

For the parametric distributions, the values are expressed as the mean =+ standard deviation. For the non-
parametric distributions, the values are presented as the median. The percentages were calculated based on
the total number of patients. ASD, adjacent segment disease. BMI, body mass index. * p < 0.05, statistically
significant difference.

4. Discussion

In our study, the upper disc height and lower disc height were maintained at 84.6% and
89.2%, respectively, over the follow-up period. Radiological ASD was observed in 16.9%
of the patients. According to a study by Schulte et al., there was an 18.9-22% reduction
in the adjacent disc height at an average of 114 months post-posterolateral fusion (PLF),
while our study showed a 15.4% reduction at an average of 159 months [24]. Harrop
et al. reported that the annual risk of re-operation due to reported ASD was 2-14%, and
Sears et al. reported a necessity for re-operation in 9% of cases at 5 years and 31% at
10 years [5,9]. A study by Kuo et al. reported radiologic ASD at 37% in solid fusion and
17% in Dynesys at 3 years [15]. Our study also showed a similar rate of 16.9 for radiologic
ASD. However, considering that our average follow-up was 13 years, the risk of ASD might
be lower. Furthermore, only a single patient in our study required re-operation due to ASD,
suggesting that ensuring the stability of the surgical segments and potentially delaying
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adjacent segment disease could present an advantage over solid fusion. We used the Bioflex
system, which has been used by Park et al. for dynamic stabilization and by Kim et al. in
conjunction with PLIF, showing positive short-term outcomes [18,25]. An optimal system
would include rods that are resistant to fatigue failure and that do not exhibit loosening at
the device-bone interface. Because of these concerns, biomechanical tests were conducted
using the BioFlex system [26]. The fatigue strength assessment, in accordance with the
American Society for Testing and Materials F1717, involved a 9 mm displacement subject
to 20 million cycles at 5 Hz, which did not subject the device to significant strains. The
device maintained its structural integrity during the compression, torsion, and tension
tests, indicating minimal strain transfer. Additionally, the biocompatibility of the Bioflex
rod was examined. Over a period of 9 days, a nickel release test employing inductively
coupled plasma—-atomic emission spectroscopy did not show detectable nickel release, and
a galvanic corrosion examination was conducted to determine the device’s performance in
contact with other metals, which did not show any adverse interactions. While dynamic
stabilization can be useful in certain indications, its inability to increase the disc height
limits its applicability, and some studies have reported a mechanical failure risk exceeding
20% [16,17,27]. Convinced that dynamic stabilization lacking solid fusion could precipitate
mechanical failure, our approach incorporated the use of an interbody cage. In our study,
this strategy was shown to be effective through a 100% fusion rate over an average follow-
up period of 13.0 years like that of a solid fusion surgery. Biomechanical studies suggest
that semi-rigid fixation, particularly in long-level fusion surgery, enhances mobility at the
UIV. This facilitates a more gradual transition of motion between the instrumented and the
adjacent non-instrumented segments of the spine [17]. It also decreases screw loading at
the UIV, which can reduce the occurrence of proximal junctional kyphosis. In the context
of long-level fusion surgery, some surgeons have employed soft-landing techniques using
hooks or bandages to prevent proximal junctional failure and similar issues [17,28-30]. We
suggest that these mechanisms may have contributed to our study’s observation of a 16.9%
incidence rate of radiologic ASD. In our study, the role of the cage in the anterior part of the
spine was to reduce the load applied to the posterior spring rod, thus preventing fracture
in the spring rod and maintaining the disc space interval, stabilizing the anterior column of
the spine. Normal spinal load sharing has an anterior-to-posterior ratio of approximately
80:20. In biomechanical studies by Sengupta et al., rigid fixation altered this ratio to 59:41,
whereas semi-rigid fixation showed a closer approximation to physiological load sharing at
75:25 and resulted in more uniform pressure distribution on the interbody cage compared
to rigid rods [31]. Several limitations in this study should be pointed out, including its
retrospective nature, the presence of selection bias due to a low follow-up rate, the small
patient cohort, and the absence of a control group. Ideally, clinical outcomes should be
quantitatively analyzed using health-related quality of life questionnaires. However, in
this study, clinical outcomes could only be determined based on whether the patients
underwent revision surgery for ASD. Additionally, there were no specific indications for
whether surgeons should use rigid rods or Bioflex rods; the choices were made based on the
surgeons’ preferences and discussions with the patients. Moreover, there was no consistent
serial follow-up during the long-term follow-up period, leading to heterogeneous follow-up
durations among patients. However, an ongoing discussion about alternatives to rigid
fixation is crucial, and we believe that our study on long-term outcomes holds significant
importance for future research directions in this field. Through this study, we confirmed
that surgery using the Bioflex rod and cage could be a good alternative to lumbar fusion
surgery with rigid rods by potentially lowering the ASD rate and demonstrating long-
term stability. These findings suggest that further results could be developed through
larger-scale and prospective studies.
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5. Conclusions

This study assessed the long-term efficacy of semi-rigid fixation using the Bioflex
Nitinol spring rod and interbody cage in lumbar surgery, suggesting it as a viable alternative
to reduce ASD. The main conclusions can be summarized as follows:

(1) Our findings indicate a lower incidence of ASD (16.9%) over a median follow-up of
13.0 years.

(2) The adjacent disc height and motion were maintained compared to traditional rigid
fixation.

(3) There was a 5.6% incidence of mechanical complications due to rod fractures, but no
patients required revision surgery due to symptoms.

(4) As there were no cases of pseudarthrosis at the final follow-up in this case series, this
surgical method can achieve a reasonable fusion rate.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/app14114574/s1, Video S1: A video demonstrating a Bioflex spring
rod connected to a pedicle screw model repeatedly performing flexion and extension movements.
The normal flexion and extension motion of the rod are facilitated by the structure of the spring rod.
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