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Abstract
Background: Adjacent segment degeneration (ASD) is a major issue after posterior lumbar interbody fusion (PLIF). Several studies have
reported the potential causes of ASD based on radiography. However, the postoperative dynamic changes in the adjacent segments are not
clear. This study aimed to determine the effect of PLIF on ASD using a formetric 4D system and to compare the effectiveness of this system
with that of traditional radiography for the prediction of ASD.

Methods: Eighty-�ve consecutive patients who underwent PLIF of a single-segmen t were included. The formetric 4Dsystem was used to
calculate the relative rotation angle between the fusion segment and the upper and lower adjacent vertebrae preoperatively and at 6, 12 and
24 months postoperatively. The range of motion (ROM) and disc height (DH) of the adjacent segments were measured using radiography
preoperatively and at 24 months postoperatively. At the �nal follow-up, the visual analogue scale (VAS) and Oswestry disability index (ODI)
were used to evaluate the surgical outcome. The patients were divided into two groups according to the occurrence of radiographic ASD: the
ASD group with progression of degeneration and the N-ASD group without progression of degeneration. The clinical outcomes and
measurement data between the two groups were compared and analyzed.

Results: The index fusion segments included L2-3 to L5-S1. Preoperatively, the relative rotation angles between the fused segment and the
upper and lower adjacent vertebrae were 5.1°±2.2°and 3.3°±2.0°,respectively, and both angles increased signi�cantly at all time-points after
surgery ( p <0.05). The angles changed most signi�cantly during L2-3 fusion . Radiographic ASD was noted in 13 of 85 patients (15.3%) at
24 months. There was no signi�cant difference in the DH, ROM, or clinical outcome between the two groups ( p >0.05), while the relative
rotation angle with the upper adjacent vertebra was greater in the ASD group than in the N-ASD group ( p <0.05).

Conclusion: The relative rotation angle with the adjacent vertebra increased signi�cantly after lumbar fusion surgery. It may be a more
sensitive predictor for the development ofradiographic ASD than �exion-extension ROM and DH.

Introduction
During the past few decades, posterior lumbar interbody fusion (PLIF) has been widely used for treating degenerative lumbar disease, and
satisfactory results have been reported in many studies [1]. Unfortunately, it alters the normal biomechanics of the spine as a result of
decompression and fusion and creates a compensatory increase of motion at the unfused segments [2]. Therefore, the prevalence of
pathological conditions after lumbar fusion such, as adjacent segment degeneration (ASD), has increased in recent years. The most
common manifestation of ASD includes the degeneration of the intervertebral discs, segmental instability, facet joint hyperplasia, and spinal
stenosis [2–5]. After the onset of ASD, patients may be at a higher risk of reoperation subsequently. At present, ASD is a common
postoperative complication in patients with lumbar degenerative diseases [2].

Although there are many studies on the causes of ASD after fusion, the speci�c mechanisms remains controversial [4–6]. In a review,
Hashimoto et al. [4] reported that ASD is related to factors, such as age, body mass index (BMI), genetic factors, preoperative degeneration of
the adjacent segments, excessive distraction of the fused level, multi-segment fusion, and insu�cient lumbar lordosis. Yugue et al. [7] found
that the incidence of ASD increased signi�cantly after lumbar fusion in patients with pre-existing spinal stenosis of the adjacent segments,
greater facet tropism, and high BMI. Moreover, Omair et al. [6] found that polymorphism of the IL18RAP gene may be associated with the
decrease in the adjacent disc’s height, although the precise mechanism is unclear.

Recently, several authors conducted studies on ASD using imaging technology; however, most of these studies evaluated degeneration using
lumbar spine imaging tests (e.g., radiography or magnetic resonance imagining) in a speci�c position [8, 9]. To analyze the dynamic
changes in the adjacent segments after lumbar fusion and their effect on the development of ASD, we implemented a formetric 4D system
(DIERS, International GmbH of Schlangenbad, Germany; hereafter referred to as DIERS) to evaluate the patients who underwent single-
segment PLIF.

Materials And Methods
Inclusion and exclusion criteria

Patients aged <65 years with degenerative lumbar diseases, including lumbar disc herniation and/or lumbar spinal stenosis who underwent
single-segment PLIF from January 2016 to September 2016 were enrolled in this study. We excluded patients with signi�cant degeneration
(University of California at Los Angeles grading scale classi�cation ≥ Grade II, Table 1) or instability of the adjacent segments [10], those
complicated with spinal deformity or tumor, those with cervical spondylosis and/or thoracic spondylosis, those with walking di�culties,
those with severe obesity or scar(s) substantially affecting stripe projection, those with a previous history of spinal surgery, those with failure
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of fusion as noted on radiographs or instrument failure postoperatively. This study was approved by the ethics committee of Peking
University Third Hospital (M2018098). All patients involved in the study provided informed consent.

 

Table 1 University of California at Los Angeles grading scale for lumbar degeneration

Grade  Disc-space narrowing Osteophytes End Plate sclerosis

/

  /   /

“ ” means yes; “ ” means no

 

Intervention

Selective PLIF was performed for the segments that corresponded to the clinical manifestations and imaging examination �ndings. All
surgeries were performed by senior surgeons.

 

Application of DIERS system and radiographic evaluation

The DIERS system was used to collect data on the rotation angles of the fusion segment with the upper and lower adjacent vertebrae in the
coronal plane during three gait cycles. Subsequently, the difference between the rotation angles (i.e., relative rotation angles) formed by the
fusion segment with the upper and lower adjacent vertebrae was calculated. The relative rotation angles were recorded preoperatively and
periodically at 6, 12, and 24 months postoperatively.

The range of motion (ROM) and disc height (DH) of the adjacent segments were measured using lumbar X-ray preoperatively and at 24
months postoperatively. The diagnostic criteria for ASD on the radiographs were as follows: (1) DH decrease by >3 mm; (2) vertebral
osteophyte formation >3 mm; (3) slippage of the adjacent vertebral body >3 mm; and (4) dynamic intervertebral space angulation >5° [11-
13]. All measurements were performed independently by two surgeons who were not involved with the procedures.

 

Instructions for using DIERS

General instructions

The DIERS system relies on the surface topography method to generate a three-dimensional model of the back. It does not involve radiation
and can be applied without any damage or side-effects. The patients’ anatomical landmarks, spinal curvature, and derived parameters can
all be calculated based on the reconstructed anatomical models.

Working principles

First, the raster lines are evenly projected on the back of a standing patient to generate an optical image with a thick-and-thin alternation. The
computer then generates a digital photograph of the back, which is coded in three colors, namely, red, green, and blue (for convex, saddle,
and concave areas, respectively). The bony landmarks can be labeled on the back using special curvature changes, shown as isolated red
areas surrounded by green areas. Finally, the computer recreates a three-dimensional spinal model using the collected surface topography
data, and the software automatically continues to analyze the dynamic parameters related to spinal movements during walking.

Speci�c operations

For the measurement procedure, the patient must be undressed, except for the underpants, and the entire buttock area is uncovered. The
patient is instructed to walk on the treadmill with a normal gait at a constant speed for 30 s, during which a dynamic three-dimensional spine
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model is generated by the DIERS system. The angle between the vertebral body and the coronal plane is automatically recorded from each
frame, and then the relative rotation angle is calculated (Figure 1).

 

Comparison of clinical outcomes and measurements

The visual analogue scale (VAS) and Oswestry disability index (ODI) were used to evaluate the patient outcomes at 24 months
postoperatively. The patients were divided into two groups according to the occurrence of ASD: the ASD group with progression of
degeneration and the N-ASD group without progression of degeneration. Both the clinical outcome and radiographic measurements of the
two groups were compared (Figure 2).

 

Statistical analysis

SPSS version 21.0 (SPSS, Chicago, IL, USA) was used for statistical analysis. The results were expressed
as means and standard deviations (SD). The Shapiro–Wilk (W) test was performed to verify the normal distribution of the measured data.
Student’s t test was used when the measured data were normally distributed, otherwise the Wilcoxon T test was used. The relative rotation
angles between the fused segments and adjacent vertebrae at various time-points were analyzed using repeated measure analysis of
variance. P-values less than 0.05 were considered statistically signi�cant.

Results
Baseline characteristics

A total of 105 patients were enrolled in this study, according to the inclusion and exclusion criteria. Of these, 20 patients withdrew from the
study during follow-up. Finally, complete data were obtained from 85 (81.0%) patients. This study group had a mean age of 45.2 years (SD
11.3) and 42.4% were female. The index segments were L2-3 in 6 cases, L3-4 in 10 cases, L4-5 in 39 cases, and L5-S1 in 30 cases. The
preoperative VAS scores for the lower back and leg pain were 3.2 points (SD 1.3) and 6.4 points (SD 2.0) , respectively, and the ODI index was
65.3% (SD 12.5).

 

Relative rotation angles

As shown in Table 2, the relative rotation angles formed by the fused segment with the upper and lower adjacent vertebrae preoperatively
were 5.1° (SD 2.2) and 3.3° (SD 2.0), respectively. The relative rotation angles at all postoperative time-points were signi�cantly greater than
those recorded preoperatively (p<0.05). Of these, the angles at 12 months were signi�cantly greater than those at 6 months (p<0.05). In
contrast, no signi�cant changes were found in the relative rotation angles at the later time-points (p>0.05). At the �nal follow-up, the relative
rotation angles of the fused segment with the upper adjacent vertebra were greater than those of fused segment with the lower adjacent
vertebra (p<0.001). The differences in the relative rotation angles between the fused segment and the upper and lower adjacent vertebrae
measured postoperatively compared with the angles recorded preoperatively were 3.7° (SD 2.9) and 2.7° (SD 2.5), respectively, and the
change in the upper adjacent vertebra was signi�cant (p=0.033). As shown in Table 3, the relative rotation angles were greater if the index
segments were fused at higher levels. The relative rotation angles with the adjacent vertebrae (L1, L4) were the largest when L2-3 were fused.
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Table2 Relative rotation angle of adjacent segments before and after surgery (unit: degree)

  Upper adjacent segment Lower adjacent segment

Before surgery 5.1±2.2 3.3±2.0

At 6 months 7.5±3.3a 4.7±1.8a

At 12 months 8.9±4.2ab 5.9±2.9ab

At 24 months 8.8±4.6abc 6.0±3.2abc

a P value is less than 0.05 when the data compared with that before surgery

b P value is less than 0.05 when the data compared with that at 6 months

c P value is greater than 0.05 when the data compared with that at 12 months

 

Table 3 Relative rotation angle of upper and lower adjacent segments after fusion (unit: degree)

Fused segment L2-3 L3-4 L4-5 L5-S1

Upper adjacent segment 10.5±3.6 (L1) 9.8±4.0 (L2) 8.6±3.1 (L3) 8.2±3.6 (L4)

Lower adjacent segment 8.1±3.9 (L4) 6.2±2.4 (L5) 5.4±2.0 (S1) —

L: lumbar vertebra; S: sacral vertebra

 

Radiographic evaluation and clinical outcome

As shown in Table 4, the ROM and DH of the adjacent segments did not change signi�cantly at 24 months (p>0.05). Finally, radiographic
ASD was identi�ed in 13 patients (15.3%), 7 of whom showed ASD in the higher levels (L1-4) and 6 showed ASD in the lower levels (L4-S1).
ASD manifested as a decrease in the DH in 9 patients and as intervertebral space angulation >5° in 4 patients. None of the patients showed
signi�cant osteophytic formation or slippage of the vertebral body.

Table 4 Intervertebral range of motion and disc height of adjacent segments before and after surgery

Fused
segment

  L2-3   L3-4   L4-5   L5-S1

  Before
surgery

  At 24
months

  Before
surgery

  At 24
months

  Before
surgery

  At 24
months

  Before
surgery

  At 24
months

Upper
ROM (°)

  9.3±1.0   10.5±0.4   8.7±2.2   9.6±1.3   7.0±1.8   7.7±2.1   7.1±2.6   7.7±2.3

Lower
ROM (°)

  6.5±1.3   7.2±2.0   8.2±2.3   8.7±2.3   5.1±2.1   5.0±1.9   —   —

Upper
DH
(mm)

  9.0±1.3   8.2±1.0   8.4±1.5   7.7±1.7   10.2±1.8   9.5±1.6   11.2±2.1   10.7±1.6

Lower
DH
(mm)

  10.5±2.0   9.8±1.6   11.0±1.9   10.5±2.1   9.7±1.6   9.1±1.4   —   —

 

The surgery was completed successfully in all patients. At 24 months, the VAS scores for the lower back and lower limb pain decreased to
1.3 points (SD 0.9) and 1.2 points (SD 0.7), respectively, and the ODI decreased to 10.6% (SD 5.9). Furthermore, no signi�cant postoperative
exacerbation of the neurological symptoms was reported. As reported in Table 5, there was no signi�cant difference in the clinical outcome,
DH, and intervertebral ROM between the ASD group (13 cases) and N-ASD group (72 cases; p>0.05) at the �nal follow-up. In contrast, the
relative rotation angles with the upper adjacent vertebrae in the ASD group increased signi�cantly (p=0.021). Notably, the signi�cant change
in the relative rotation angles was detected at as early as 6 months postoperatively (data not shown, p<0.05).
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Table 5 Comparison of clinical outcomes and measurement data between the two groups

  ASD group N-ASD group P value

VAS (back pain) 1.3±0.7 1.3±1.0 0.662

VAS (leg pain) 1.3±1.0 1.2±0.7 0.701

ODI (%) 11.7±8.4 10.4±4.3 0.723

Upper ROM (°) 9.3±3.1 8.3±2.2 0.182

Lower ROM (°) 6.3±2.0 6.9±2.4 0.434

Upper DH (mm) 9.2±3.0 9.9±2.4 0.287

Lower DH (mm) 9.4±2.9 10.1±3.0 0.331

Relative rotation angle      

Upper adjacent segment (°) 10.8±3.0 8.6±2.8 0.021

Lower adjacent segment (°) 6.5±3.8 5.9±2.0 0.776

Discussion
ASD or adjacent segment disease (ASDis) is one of the most common postoperative complications after spinal fusion. The former refers to
radiological changes at the segment adjacent to the fused spinal levels, and the latter is de�ned as degeneration of the adjacent segments
that leads to clinical symptoms. The incidence of ASD varies from 5.6–100% in the available literature, which is higher than that of ASDis,
whose incidence ranges from 5.2–18.5% [3, 4, 14]. Presently, ASDis is considered one of the main causes of recurrent symptoms, and some
patients have to undergo secondary surgery [15]. Therefore, we require a new method for detecting ASD in the light of the higher risk of
developing ASDis.

Several studies have reported the prevalence and risk factors of ASD after lumbar spinal fusion; however, the speci�c mechanisms involved
in the incidence of ASD remain controversial [5, 14–16]. Some authors believe that ASD is a natural process of degeneration that is not
related to lumbar fusion [17]. However, several recent studies con�rmed that segmental fusion may be the main cause of ASD [3, 18, 19]. Rao
et al. [19] reported that the intradiscal pressure and motion at the adjacent segments increased signi�cantly after single-segment lumbar
fusion. In a prospective study of 111 patients with more than 10 years’ follow-up, Ekman et al. [3] found that the incidence of ASD in surgical
patients was signi�cantly higher than that in patients receiving conservative treatment, suggesting that both fusion and laminectomy
accelerate degeneration in the adjacent segments. Presently, most researchers believe that the development of ASD is related to factors,
such as postoperative biomechanical changes, increased concentration stress in the intervertebral discs and facet joints, and hypermobility
of the adjacent segments. However, the relevant evidence was derived primarily from the autoptic analysis, biomechanical studies, and �nite
element analysis [3, 19]; these analyses can not reliably reproduce the postoperative changes in the adjacent during normal daily activities.
Radiography was often used to evaluate the degenerative changes in the adjacent segments; however, it only provided static two-
dimensional projections rather than immediate and dynamic data. Therefore, we implemented the DIERS system to dynamically monitor the
rotation angles of different vertebrae and to study the actual motion of the adjacent vertebrae after lumbar fusion. The advantages of the
DIERS system include the following: (1) static measurements can be obtained without exposure to radiation; (2) actual vertebral rotation can
be reproduced without considering the position of the pelvis; and (3) dynamic changes in the various vertebrae during walking, a major
activity during routine life, can be indicated. The DIERS system analyzed the dynamic parameters related to the human body more
accurately, and the measurements were reliable and reproducible, thereby, contributing to the study of the underlying mechanisms of ASD
[20, 21].

Recently, several studies reported that the postoperative ROM of the adjacent segments was mostly increased—especially for the upper
segment—while varying degree of decrease in the DH was noted. Berg et al. [22] conducted a 2-year follow-up of 72 patients after lumbar
fusion and found that the ROM of the adjacent segments L3-4 and L4-5 increased by 4.3° and 6.0° compared with a decrease of 0.8° in the
ROM of L5-S1. In that study, the authors also observed that the postoperative DH decreased slightly. In the current study, we found similar
changes in the ROM and DH of the adjacent segments at 2 years postoperatively, and the data did not differ signi�cantly compared to the
preoperative data. However, the difference between the previous studies and our study was that we �rstly, to our knowledge, found the
relative rotation angles with the adjacent vertebrae increased signi�cantly after fusion. This suggests that although the overall stability of
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the lumbar spine does not change signi�cantly after surgery, the range of rotation of the adjacent vertebrae inevitably increases to
compensate for the lost function of the fused segments and to maintain the normal posture during normal activity. Notably, such changes
occur earlier than the changes in the DH, intervertebral ROM, or lumbar spinal stability. Consequently, we believe that the relative rotation
angles between the fused segments and adjacent vertebrae measured by the DIERS system can detect the occurrence and development of
ASD earlier than traditional radiography.

Various risk factors have been proposed regarding the occurrence of ASD [23]. To reduce the effect of the confounding factors, we only
included patients aged less than 60 years who underwent single-segment fusion without signi�cant degeneration of the adjacent segments.
In our study, 13 patients developed ASD at the �nal follow-up and 9 patients showed decreased intervertebral spaces. By analyzing the
preoperative radiographic images, we found that these 9 patients already had mild degeneration in the adjacent segments before the
surgery. Therefore, we believe that the preoperative degeneration of the adjacent segments may be the most important factor leading to
postoperative ASD. Another important factor affecting the development of ASD is the location of the fused segment. Many studies have
reported that the fusion of the cranial segments is more likely to result in ASD development. Cheh et al. [2] found that the incidence of ASD
after L1-3 fusion was higher than that after L4-5 fusion. Disch et al. [16] also demonstrated that patients who underwent fusion of the L4-5
segments showed signi�cantly higher risks for ASD development than patients with fusion of the L5-S1 segments. In the current study, we
found that the postoperative ROM and DH of the adjacent segments did not change signi�cantly. However, the relative rotation angles with
the adjacent vertebrae were greater if the index segments were fused at higher levels, and the change in the upper adjacent vertebra was
more signi�cant. The occurrence of such changes may be associatedwith the following factors: (1) the L4-S1 levels contribute almost 50%
towards overall lumbar lordosis and provide the highest ROM for �exion/extension movements of the lumbar spine. After fusion, the upper
adjacent levels compensate for the segmental immobility of L4-S1; (2) the L2-L4 levels are close to the thoracolumbar segments, which
serve as transition zones for spinal curvature. If the upper lumbar segments were fused, the forces will be redistributed to the cranial-
adjacent segments because of the special biomechanical characteristics of the thoracolumbar region; and (3) placement of the pedicle
screw can damage the superior facet, thereby, inevitably affecting the stability of the upper adjacent segments.

The development of ASD is a chronic process, and only a small number of patients experience clinical symptoms in the short term. Although
the incidence of ASD is relatively high, few patients ultimately require surgery. Our results suggest that the clinical symptoms and lumbar
spinal function signi�cantly improved after 24 months for most patients. Even the 13 patients who developed radiographic ASD in the
present study had clinical outcomes similar to those of their counterparts, suggesting that there was no signi�cant correlation between
radiographic ASD and the clinical outcomes in the short term. Notably, although the DH and intervertebral ROM for both groups were
comparable at 24 months, the relative rotation angle of the upper adjacent vertebra in the ASD group was signi�cantly greater. These results
suggest that the overall structure of the lumbar spine remains stable in the resting state, regardless of the occurrence of ASD; nevertheless,
excessive mobility of the adjacent segment persists during walking in the patients with ASD. Therefore, we believe that the relative
movement between the adjacent and fused segment may be a more sensitive predictor of the development of ASD.

There are several limitations of our study. First, we only included cases with single-segment lumbar fusion, and patients with multilevel
fusion were excluded. Second, the follow-up period of this study was only 2 years, and the long-term changes in the relative rotation angle
after lumbar fusion must be investigated further. Finally, to reduce the effect of preoperative degeneration in the adjacent segments, the
elderly patients were excluded from the study; this does not conform to the demographic characteristics. These issues will be addressed in
the future.

Conclusion
PLIF is an effective surgery for patients with lumbar degenerative diseases. After fusion, the stability of the lumbar spine does not change
signi�cantly in the short term; however, the dynamic rotation movement of the adjacent segments is expected to increase, especially that of
the upper adjacent segments. The rotation angles with adjacent segments may be more sensitive predictors for the development of ASD
than �exion-extension ROM and DH.

Abbreviations
ASD
adjacent segment degeneration; PLIF:posterior lumbar interbody fusion; ROM:range of motion; DH:disc height; VAS:visual analogue scale;
ODI:Oswestry disability index; BMI:body mass index; SD:standard deviations; ASDis:adjacent segment disease
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Figures

Figure 1

A and B After the undressed (except for the underpants) patient stands on the treadmill, the camera is started to fully capture his/her upper
body. The raster lines are then evenly projected on the back; C the patient's anatomy parameters are collected to generate the digital
photograph of the back, which is represented as red (convex area), green (saddle area) and blue (concave area); D A three-dimensional spinal
model is recreated by the computer. using the collected surface topography data; E and F After the examination and the successful
reconstruction, the measurement results during walking is directly available.
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Figure 2

Adjacent segment disc height (DH) and intervertebral range of montion (ROM) from lateral view lumbar spine x-ray. A and B DH (a b)/2, a
and b is measured from the anterior or posterior edges of the upper and lower vertebral bodies respectively; C~F ROM=α β, α: angulation of
the intervertebral space at �exion, β: angulation of the intervertebral space at extension.


