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Abstract The aim of the current study was to evaluate
changes in lumbar kinematics after lumbar monosegmental
instrumented surgery with rigid fusion and dynamic non-
fusion stabilization. A total of 77 lumbar spinal stenosis
patients with L4 degenerative spondylolisthesis underwent
L4-5 monosegmental posterior instrumented surgery. Of
these, 36 patients were treated with rigid fusion (trans-
foraminal lumbar interbody fusion) and 41 with dynamic
stabilization [segmental spinal correction system (SSCS)].
Lumbar kinematics was evaluated with functional radio-
graphs preoperatively and at final follow-up postoperatively.
We defined the contribution of each segmental mobility to
the total lumbar mobility as the percent segmental mobility
[(sagittal angular motion of each segment in degrees)/(total
sagittal angular motion in degrees) x 100]. Magnetic reso-
nance imaging was performed on all patients preoperatively
and at final follow-up postoperatively. The discs were clas-
sified into five grades based on the previously reported sys-
tem. We defined the progress of disc degeneration as (grade
at final follow-up) — (grade at preoperatively). No signifi-
cant kinematical differences were shown at any of the lumbar
segments preoperatively; however, significant differences
were observed at the L2-3, L4-5, and L5-S1 segments
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postoperatively between the groups. At final follow-up, all of
the lumbar segments with rigid fusion demonstrated signif-
icantly greater disc degeneration than those with dynamic
stabilization. Our results suggest that the SSCS preserved
14% of the kinematical operations at the instrumented seg-
ment. The SSCS may prevent excessive effects on adjacent
segmental kinematics and may prevent the incidence of
adjacent segment disorder.

Keywords Adjacent segment disorder - Dynamic
non-fusion stabilization - Rigid fusion - Segmental spinal
correction system (SSCS) - Lumbar segmental mobility

Introduction

The lumbosacral and lumbar spine regions are those most
often affected by degenerative disorders. These disorders
lead to instability of the motion segments of the lumbar
spine. Recently, spinal fusions using instrumentation, i.e.,
pedicle screw-rod system, have become widespread and
accepted treatments to stabilize unstable motion segments
of the spine. However, reducing the number of mobile
lumbar segments may alter the biomechanical behavior of
adjacent motion segments. Several experiments have
shown increased mobility at the adjacent level of a fusion
site [1-7]. Shono et al. [5] demonstrated that hypermobility
at the adjacent levels was proportional to the length and
rigidity of the instrumented constructs. The hypermobile
level adjacent to a fusion site may be at an increased risk
for lumbar intervertebral disc degeneration and is cited as a
cause for adjacent segment disorder [3-5, 8—11]. Ghiselli
et al. [8] demonstrated that postoperative symptomatic
degeneration at an adjacent segment after rigid fusion was
found in 16.5% after 5 years and 36.1% after 10 years.
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However, these experimental studies evaluated lumbar
segmental mobility by means of sagittal segmental Cobb
angle. Some factors, such as low back pain or leg pain, due to
the dynamic motion of the spine, may influence the dynamic
mobility of the lumbar spine for in vivo clinical study. We
thought that more accurate kinematic evaluation of lumbar
segmental motion might be allowed by the contribution of
each lumbar segmental mobility to the total lumbar mobility,
rather than the angular mobility of each segment.

The segmental spinal correction system (SSCS) (ulrich
Gmbh & Co., KG, Ulm, Germany) is one of the dynamic
non-fusion pedicle screw—rod systems used for stabiliza-
tion of the lumbar spine. The hinged pedicle screw, pro-
vides the load to be shared between the implant and the
vertebral column, provides high stability in relation to the
rotational forces [12, 13]. Recently, several experiments
have been devised to measure the positive effects of these
dynamic stabilization techniques [10-21]. It has been
proposed that non-fusion motion preservation techniques
may prevent accelerated adjacent segment degeneration
because of the protective effect of the persisting segmental
motion. However, biomechanical and kinematical effects
on instrumented and adjacent segments are still a matter of
discussion. The aims of the current study were to evaluate
changes in lumbar kinematics after lumbar monosegmental
instrumented surgery with rigid fusion and dynamic non-
fusion stabilization and to discuss the effects of these
kinematic changes on the adjacent segments.

Materials and methods
Study population

A total of 77 lumbar spinal canal stenosis patients (41 men
and 36 women) with L4 degenerative spondylolisthesis (less
than grade I in Meyerding four-grade classification [22])
were included in the study. Their average age was
61.19 years (range 21-82 years). All the patients had
undergone L4-5 monosegmental posterior decompression
and instrumented surgery with in situ internal pedicle screw—
rod fixation during intraoperative prone position by two
senior spine surgeons, and had a minimum follow-up of
24 months postoperatively (average 36.04 months; range
24-51 months).

Thirty-six patients (17 men and 19 women) with sus-
pected foraminal stenosis showing reduction of fat shade at
the intraforaminal region on parasagittal magnetic reso-
nance imaging (MRI) images were treated with rigid fusion
by means of unilateral transforaminal lumbar interbody
fusion (TLIF) using local bone graft (average age of
63.0 years, average follow-up of 35.92 months), and 41
patients (24 men and 17 women) without suspected

foraminal stenosis on parasagittal MRI images were treated
with dynamic non-fusion stabilization by means of the
SSCS (average age of 59.61 years, average follow-up of
36.15 months).

The following subjects were excluded from this study:
patients who were re-operated for thoracolumbar regions,
those showing failure of disc function at L4-5 segment
(disc height loss) or at multiple segments (i.e., compression
fracture in lumbar spine and severe degenerative scoliosis
or kyphosis). One patient treated with dynamic non-fusion
stabilization had developed ossification of the anterior
longitudinal ligament bridged across the L4-5 segment
during the follow-up period. This subject was also exclu-
ded from the study.

The details of this study were explained to the patients
after obtaining their informed consent in advance. The
experiment was performed only with those who gave their
consent.

Clinical assessments

The clinical assessments were performed on the basis of
the Japanese Orthopaedics Association (JOA) score [23]
both preoperatively and at final follow-up postoperatively.
The surgical outcomes of these patients were represented
by the JOA score recovery ratio as calculated by the for-
mula of Hirabayashi et al. [24].

Assessments of lumbar kinematics: radiographic
analysis

For all patients, we obtained plain radiographs (anterior-
posterior and lateral standing) and functional radiographs with
flexion and extension views both preoperatively and at final
follow-up postoperatively. The sagittal angular motion
through lumbar spine flexion to extension was measured with
the Cobb technique for each segment at five lumbosacral
segments L1-2, L2-3, 13-4, 1L4-5, and L5-S1 (angle
between each upper vertebral endplate) (Fig. 1) using FORZ
system (Excel Creates, Inc., Japan). We defined the total
sagittal motion of the lumbar spine as the absolute total of the
individual sagittal angular motions (L1-2 + L2-3 + L34
+ L4-5 4 L5-S1) in degrees, and the contribution of each
segment’s mobility to the total angular mobility of the lumbar
spine was defined as percent segmental mobility (%) [(sagittal
angular motion of each segment in degrees)/(total sagittal
angular motion in degrees) x 100].

Assessments of adjacent segments disorder: magnetic
resonance imaging analysis

MRI of the lumbar spine was performed for all patients
preoperatively and at final follow-up postoperatively. We
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Fig. 1 The sagittal angular
motion between each adjacent
upper vertebral endplate
through lumbar spine flexion to
extension was measured with
the Cobb technique for each
segment at five lumbosacral
segments (L1-2, L2-3, L34,
L4-5, and L5-S1)

flexion view

used a comprehensive grading system for lumbar interver-
tebral disc degeneration that was previously reported and
was based on the degenerative change in the functional
spinal unit [25]. Accordingly, T2-weighted sagittal images
of 308 lumbar intervertebral discs (L1-2, L2-3, L34, and
L5-S1) of 77 subjects were classified into 5 grades (Table 1)
by 3 independent blinded observers, and they were judged
eligible for inclusion in the study. We defined the progress of
intervertebral disc degeneration as (grade at final follow-up
postoperatively) — (grade at preoperatively).

Statistical analysis

The computer software package StatMate III (ATMS Co.,
Ltd, Tokyo, Japan) was used. A kappa (k) statistic was

Table 1 A comprehensive grading system for lumbar disc degeneration

extension view

calculated as a measure of interobserver reliability of the
MRI grading for the three independent blinded observers.
Mann—Whitney U test was used for statistical analyses. A
p value of less than 0.05 was considered statistically
significant.

Results

Clinical findings

Instrumentation failure was not seen in any of the subjects
throughout the follow-up period. There were no significant

differences in age and follow-up period between the two
groups of rigid fusion and dynamic stabilization.

Grade Structure
nucleus and

Distinction of ~ Signal intensity

Height of
intervertebral disc

anulus
1 Homogeneous, bright wight Clear Hyperintense, isointense to cerebrospinal Normal
fluid

II Inhomogeneous with or without horizontal Clear Hyperintense, isointense to cerebrospinal Normal

bands fluid
111 Inhomogeneous, gray Unclear Intermediate Normal to slightly decreased
v Inhomogeneous, gray to black Lost Intermediate to hypointense Normal to moderately

decreased

A\ Inhomogeneous, black Lost Hypointense Collapsed disc space

Cited from Pfirrmann et al. [25]
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Table 2 The JOA score and recovery ratio

Pre-JOA score Final-JOA score Recovery ratio

Rigid fusion 14.25 £ 4.31 23.56 & 3.38
Dynamic stability 13.56 £ 4.47 24.83 £ 3.06

61.05 £ 26.08
70.61 £ 22.64

Compared between rigid fusion and dynamic stabilization 'p < 0.03,
p < 0.01, Tp < 0.001

The average values of the JOA score and recovery ratio
are shown in Table 2. There were no significant differences
in the JOA score (preoperatively and at final follow-up
postoperatively) and the JOA recovery ratio between the
rigid fusion and dynamic stabilization groups. However,
the JOA recovery ratio for the dynamic stabilization group
tended to show a higher value when compared with the
rigid fusion group.

Lumbar kinematics

The average values of percent segmental mobility are
shown in Table 3. When preoperative and final follow-up
values were compared for the rigid fusion group, signifi-
cant differences were observed at the L4-5 (fused seg-
ment), L3—4, and L5-S1 segments (p < 0.001, p < 0.01,
and p < 0.05, respectively). When preoperative and final
follow-up values were compared for the dynamic stabil-
ization group, significant differences were observed at the
L4-5 (stabilized segment) and L3—4 segments (p < 0.001,
and p < 0.01, respectively). When preoperative values of
the rigid fusion and dynamic stabilization groups were
compared, there were no significant differences in any of
the percent segmental mobility. However, at final follow-
up postoperatively, significant differences were observed at
the L2-3, L4-5, and L5-S1 segments (p < 0.01, p < 0.001
and p < 0.05, respectively).

Adjacent segments disc degeneration

Consistent agreement (kx = 0.874) was noted among the
three independent observers, who graded the MR images.

Table 3 The percent segmental mobility (%)

The average values of preoperative lumbar intervertebral
disc degeneration grades and lumbar intervertebral disc
degenerative changes are shown in Table 4. When preop-
erative lumbar intervertebral disc degeneration grades of
the rigid fusion and dynamic stabilization groups were
compared, there were no significant differences in any of
the adjacent segments. While all of the lumbar segments in
the rigid fusion group demonstrated significantly greater
degenerative changes than those in the dynamic stabiliza-
tion group at final follow-up postoperatively (p < 0.05 at
L1-2, p <0.001 at L2-3, and p < 0.05 at L3-4, and
p < 0.05 at L5-S1 segment).

Discussion

The dynamic stabilization of the lumbar spine is a relatively
new conceptualized system. It is a non-fusion stabilization
device that unloads the intervertebral disc without the
complete loss of motion at the treated motion segment.
Several dynamic non-fusion stabilization systems have been
developed for the treatment of degenerative lumbar insta-
bility to preserve kinematic operations of the instrumented
segment. Kanayama et al. [18], in their minimum 10-year
follow-up study of Graf ligamentoplasty, reported that lor-
dosis of the operative segment was maintained in 90% and
segmental motion was preserved in 70% of the patients, and
the clinical outcome was satisfactory. However, Hadlow
et al. [26] reported that Graf ligamentoplasty achieve a
worse surgical outcome and a significantly higher revision
rate was shown rather than in the posterolateral fusion with
pedicle screw instrumentations. Moreover, Rigby et al. [27]
reported, according to mid-term clinical results, that com-
plications occurred in 23.5% of patients, and additional
fusion surgery was required in 13.7%. In our unpublished
data, from a long-term (minimum 10-year follow-up)
review of 68 patients who underwent Graf ligamentoplasty,
35.3% of patients showed adjacent segment disorder, and
7.4% required additional fusion surgery, including 2.9% at
the instrumented segment. Moreover, several experimental
studies have been performed using the Dynesys, another

L1-2 L2-3 L3-4 L4-5 L5-S1
Rigid fusion
Pre-op 13.9 + 6.99 17.97 + 10.18 13.21 + 8.71 2511 £ 119 29.81 + 15.95
Final 15.03 + 9.04 2223 + 11.59 22.87 + 14.32%* Qo 39.87 + 18.27*
Dynamic stabilization
Pre-op 11.56 & 7.53 15.32 + 9.81 14.81 & 10.29 24.14 £ 10.07 34.17 + 14.99
Final 152 +9.74 152 + 9.87'" 23.01 4+ 11.47%* 14.03 + 8.6+ T 3256 + 16.17

Compared between preoperatively and final follow-up postoperatively * p < 0.05, ** p < 0.01, ***p < 0.001

Compared between rigid fusion and dynamic stabilization 'p < 0.05, Tp < 0.01, T"p < 0.001
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Table 4 The adjacent segment disc degeneration

L1-2 L2-3 L3-4 L5-S1
Rigid fusion
Pre-op grades 2.14 + 0.83 233 + 0.93 242 +0.84 253 +0.84
Progress 0.19 + 0.4 0.36 + 0.49 0.31 + 0.47 0.19 + 0.4
Dynamic stabilization
Pre-op grades 212409 2.49 + 0.87 2.56 + 0.78 2.78 + 0.99
Progress 0.02 + 0.16" 0.02 £ 0.167f" 0.12 & 0.337 0.05 & 0.227

Compared preoperative disc degeneration grades between rigid fusion and dynamic stabilization * p < 0.05, ** p < 0.01, *** p < 0.001

Compared progress of disc degeneration between rigid fusion and dynamic stabilization 'p < 0.05, T'p < 0.01, p < 0.001

dynamic stabilization device. Most of these studies
reported sufficiently satisfactory clinical outcomes with
the Dynesys. However, Schaeren et al. [28] reported
in their 4-year follow-up study that 47% of the
patients showed some degeneration at adjacent segments.
Schnake et al. [20] also demonstrated 29% adjacent
segmental disorder at 2-year follow-ups. In addition,
Kumar et al. [15] reported that significant intervertebral
disc degeneration (56%) at the instrumented segment was
observed in the MRI findings, and the anterior disc
height was significantly reduced. Schmoelz et al. [29]
found that the Dynesys is comparable to internal fixation
in restricting spinal flexion, but allows more extension
and lateral bending. These systems do not have high
stability in relation to the rotational or lateral bending
forces.

The SSCS provides the load to be shared between the
implant and the vertebral column by a hinged screw, allows
for high stability in relation to the rotational or lateral
bending forces, and preserves segmental motion only in a
sagittal direction (Fig. 2) [12, 13].

In our results, the L4-5 segment completely lost seg-
mental mobility by rigid fusion. The loss of segmental

Fig. 2 The hinged pedicle
screw provides the load to be
shared between the implant and
the vertebral column. It allows
high stability in relation to the
rotational forces and preserves
segmental motion only in a
sagittal direction

@ Springer

mobility at the L4-5 segment might affect the biome-
chanical behavior of the remaining adjacent lumbar seg-
ments. Cunningham et al. [30] demonstrated in their in
vitro experiment that lumbar intradiscal pressure at the
cranial adjacent segment to the instrumented segment
significantly increased with axial loading and anterior
flexion stresses. Increasing mobility at the adjacent seg-
ments may lead to increasing mechanical stresses on all the
adjacent lumbar segments. Consequently, lumbar inter-
vertebral disc degeneration at the adjacent lumbar seg-
ments may deteriorate with increasing mechanical stresses
postoperatively. With respect to SSCS, segmental mobility
at the L4-5 segment was significantly reduced, but
3.38 £ 2.5° of segmental mobility, 14% of the kinematic
operations for lumbar mobility, was preserved. Although
the cranial segmental mobility significantly increased after
surgery, the effects on the other segments were less than
those with rigid fusion. With TLIF, we found intervertebral
disc degeneration in 19.4% of patients (7/36) at the L1-2,
36.6% (13/36) at the L.2-3, 30.6% (11/36) at the L3—4, and
19.4% (7/36) at the L5-S1 segments. On the other hand,
with the SSCS, 2.4% of patients (1/41) at the L1-2, 2.4%
(1/41) at the L2-3, 12.2% (5/41) at the L34, and 4.9%
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(2/41) at the L5-S1 segments demonstrated increased disc
degeneration. All of the adjacent segments with TLIF and the
cranial adjacent segment (L3-4) with the SSCS might be
affected biomechanically by kinematical changes of the
lumbar spine. We hypothesized that the disc degeneration at
the other segments with the SSCS might be due to natural
disease progression, rather than an effect of stabilization.
Our results suggest that the surgical management of lumbar
spinal instability with the SSCS may prevent excessive
kinematical effects on the adjacent segments, and it may also
prevent the incidences of adjacent segmental disorder.

On comparing the clinical outcomes between the two
groups, we found that there were no significant differences
in the JOA score or the JOA recovery ratio. Both groups
demonstrated sufficiently satisfactory clinical outcomes.
However, the outcomes with TLIF tended to be lower than
those with the SSCS. We hypothesized that the clinical
outcomes might deteriorate gradually though disc degen-
eration may progress with rigid fusion.

However, some issues remain unanswered even in the
current study. We discussed the effects of instrumented
surgery on adjacent segments only kinematically, not bio-
mechanically, and long-term effects with the SSCS are still
unknown. Therefore, further research using larger patient
populations and long-term follow-ups may help to resolve
the unclear results obtained in this study. Moreover, the
details of using the SSCS for protecting adjacent segment
disorder can be investigated further.
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