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Study Design: Cadaveric biomechanical study.
Purpose: The purpose of this study was to biomechanically evaluate the effect of preserving or augmenting the interspinous liga-
ment (ISL) and supraspinous ligament (SSL; ISL/SSL) complex between the upper instrumented vertebra (UIV) and UIV+1 using a ca-
daveric model.
Overview of Literature: Adult spinal deformity is becoming an increasingly prevalent disorder, and proximal junctional kyphosis (PJK) 
is a well-known postoperative complication following long spinal fusion.
Methods: Pure moments of 4 and 8 Nm were applied to the native and instrumented spine, respectively (n=8). The test conditions 
included the following: native spine (T7–L2), fused spine (T10–L2), fused spine with a hand-tied suture loop through the spinous pro-
cesses at T9–T10, and fused spine with severed T9–T10 ISL/SSL complex.
Results: The flexion range of motion (ROM) at T9–T10 of the fused spine loaded at 8 Nm increased by 62% compared to that of the 
native spine loaded at 4 Nm. The average flexion ROM at T9–T10 for the suture loop and severed ISL/SSL spines were 141% (p=0.13) 
and 177% (p=0.66) of the native spine at 4 Nm, respectively (p-values vs. fused).
Conclusions: Transection of the ISL/SSL complex did not significantly change flexion ROM at the proximal junctional segment fol-
lowing instrumented spinal fusion. Furthermore, augmentation of the posterior ligamentous tension band with a polyester fiber suture 
loop did not mitigate excessive flexion loads on the proximal junctional segment. We postulate that the role of the posterior ligamen-
tous tension band in mitigating PJK is secondary to the anterior column support provided by the vertebral body and intervertebral disc.
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Introduction

Adult spinal deformity is becoming an increasingly preva-
lent disorder as a result of an aging population. Long mul-
tilevel fusions are frequently required to address adult spi-
nal deformity, and these surgeries are associated with high 

rates of complication and revision. Proximal junctional 
kyphosis (PJK) is a well-known postoperative complica-
tion following long spinal fusion for deformity and has 
considered much attention in recent studies. First defined 
by Glattes et al. [1], PJK is characterized by a proximal 
junctional sagittal Cobb angle at least 10° greater than the 
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preoperative measurement. The incidence of PJK is typi-
cally between 20% and 40% [1-3].

Multiple risk factors have been associated with PJK, 
including increasing age [1,4-7], osteoporosis [6,8,9], 
presence of other comorbidities [4,9], preoperative sagit-
tal malalignment [8,10-13], disruption of posterior soft 
tissues [1-4,14-17], combined anterior and posterior ap-
proach [2,15,18], rigidity of the construct [19-21], choice 
of the upper instrumented vertebra (UIV) [1,4,8,10,11,22], 
and magnitude of the correction [3,5,10-12,17]. Among 
these, disruption of posterior soft tissues, specifically the 
posterior tension band, has been proposed as an impor-
tant modifiable risk factor [1-4,14-17]. Cadaveric and bio-
mechanical studies have demonstrated the importance of 
maintaining the integrity of posterior structures involved 
in the exposure of the UIV to prevent the loss of proximal 
junctional segment flexion stiffness [19,23]. In particular, 
the supraspinous ligament (SSL) and interspinous liga-
ment (ISL) may play an important role as a posterior ten-
sion band in stabilizing the proximal junctional segment 
during flexion by acting as a tether against hyperflexion 
[23,24].

Past studies have examined the biomechanical effects 
of sectioning the ISL above a long instrumented spinal 
fusion [19,23], but only few studies have attempted to 
reconstitute the posterior ligamentous tension band and 
restore proximal junctional segment flexion stiffness [24]. 
The purpose of this study was to biomechanically assess 
and evaluate the effect of preserving or augmenting the 
ISL/SSL complex between the UIV and UIV+1 using a 
cadaveric model. We hypothesized that preservation or 
augmentation of the ISL/SSL complex between the UIV 
and UIV+1 would mitigate excessive flexion loads on the 
proximal junctional segment immediately following sur-
gery.

Materials and Methods

1. Specimens

Institutional review board approval was not required for 
this study. Eight (five males, three females) adult fresh-
frozen human cadaveric thoracolumbar spines (T7–L2) 
were used in this study. The mean age of the specimens 
was 59±20 years (range, 25–76 years). The mean bone 
mineral density (BMD) and T score measured from the 
dissected lumbar (L1–L4) spine using dual energy X-ray 

absorptiometry (Discovery W; Hologic Inc., Marlbor-
ough, MA, USA) were −2.7±1.0 (range, −4.1 to −1.4) and 
0.78±0.13 (range, 0.60–0.94), respectively. Specimens 
were evaluated grossly and radiographically to ensure 
the absence of pathologies such as fracture, ankylosis, or 
malignancy. Specimens were stored frozen at −20°C and 
thawed to room temperature at 20°C for preparation and 
testing.

2. Specimen preparation

Soft tissue was dissected from the specimens, taking care 
to preserve the osseoligamentous tissues and interverte-
bral discs. The end vertebrae, T7 and L2, were partially 
embedded in polymethyl methacrylate bone cement, leav-
ing the ligaments and intervertebral discs exposed. Small 
screws were placed in the anterior cortex of each vertebral 
body, lateral to the anterior longitudinal ligament, for 
a rigid attachment of three-dimensional (3D) motion-
tracking markers.

3. Instrumentation

Instrumentation was performed by two senior authors 
(S.K.C. and J.M.C.). Bilateral pedicle screws were placed 
at each level between T10 and L2 and connected with 5.5 
mm stainless steel rods (Vitality; Zimmer Biomet Spine, 
Broomfield, CO, USA). The ISL/SSL complex was sev-
ered between T9 and T10. A polyester fiber suture (5 mm 
Mersilene tape; Ethicon, Somerville, NJ, USA) was used 
to reconstitute the ISL/SSL complex by tying the suture 
loop through holes drilled in the T9 and T10 spinous 
processes. The suture loop was manually tightened prior 
to tying the knot. C-arm radiographs were obtained from 
the fused specimens prior to and after suture loop fixation 
to ensure no change in the sagittal angle of T9–T10.

4. Biomechanical testing

Each specimen was tested under four conditions: native 
spine, fused T10–L2 spine, fused T10–L2 spine with a 
severed ISL/SSL complex, and fused T10–L2 spine with a 
polyester fiber suture loop between T9 and T10 to recon-
stitute the transected ISL/SSL complex (Fig. 1). Prior to 
testing, each specimen was preconditioned through three 
cycles of pure moment loading in flexion-extension (FE), 
lateral bending (LB), and axial rotation (AR) at 4 Nm 
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followed by three cycles at 8 Nm. Biomechanical testing 
was performed using a servo-hydraulic axial/torsional 
test frame (MTS, Eden Prairie, MN, USA) with dual 
Bionix Spine Kinematics Subsystem attachments (MTS). 
The subsystem was mounted onto a passive XY table to 
eliminate shear, and a 10 N axial compressive load was 
maintained throughout all testing to minimize tension. 
The native spine was loaded to 4 Nm through three cycles 
in FE, LB, and AR. The fused spine (T10–L2), the fused 
spine with suture loop fixation at T9–T10, and the fused 
spine with severed ISL/SSL complex were loaded to 8 Nm 
through three cycles in FE, LB, and AR, respectively. The 
8 Nm load represented the increased postoperative loads 
that could result from soft tissue dissection and decreased 
muscle function. The relative Euler angles were deter-
mined in flexion, FE, LB, and AR, respectively, using the 
MotionMonitor software (Innovative Sports Training Inc., 
Chicago, IL, USA), and the relative rotations of each mo-
tion segment were recorded using the Optotrak Certus 3D 
motion capture system (Northern Digital Inc., Waterloo, 
ON, Canada).

5. Data analysis

Range of motion (ROM) data from the third loading cycle 
in each direction (FE, LB, and AR) were used for analysis. 
LOESS filtering with a smoothing factor of 0.01 was used 
to remove noise from the ROM-time data (R ver. 3.3.2, R-

Project; R Foundation for Statistical Computing, Vienna, 
Austria). The maximum ROM of each motion segment 
was then extracted and normalized to the ROM of the 
native spine loaded at 4 Nm. At the proximal junctional 
level (T9–T10), the ROM data for flexion, FE, LB, and 
AR were analyzed through two-way repeated-measures 
analysis of variance to compare the four different testing 
conditions. All data satisfied assumptions of normality 
according to the Shapiro–Wilk test. All statistical analyses 
were performed using Prism software (Prism ver. 7.01; 
GraphPad, La Jolla, CA, USA). Statistical significance was 
set at p=0.05.

Results

The ROM at the UIV/UIV+1 level abruptly increased 
from 33% of the native spine flexion ROM at T10–T11 
to 162% of the native spine flexion ROM at T9–T10. 
FE ROM also increased abruptly from 28% of the na-
tive spine ROM at T10–T11 to 136% of the native spine 
ROM at T9–T10. Similarly, LB and AR ROM increased 

Fig. 1. Each thoracolumbar (T7–L2) specimen was prepared by partially potting the end vertebrae (T7 and L2), leaving the disc 
and ligaments exposed, and placing anterior screws to attach three-dimensional motion-tracking markers (A–C). Bilateral pedicle 
screws and rods were used for fusion fixation from T10 to L2 (A, B). The superjacent segment (T9-T10) was bridged by a 5 mm 
hand-tied suture loop that passed through the T9 and T10 spinous processes (D). Biomechanical testing was performed using a 
servo-hydraulic axial/torsional test frame (MTS, Eden Prairie, MN, USA) with dual Bionix Spine Subsystem attachments (MTS) (E).

A B C D E

Table 1. Change in lordosis angle compared go fused

Intervention Angle (°) p-value

Suture loop 0.2±0.2 0.03a)

Values are presented as mean±standard deviation.
a)Indicates that the angle change is significantly different from 0.
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from 37% and 31% of the native spine ROM at T10–T11, 
respectively, to 132% and 128% of the native spine ROM 
at T9–T10, respectively. The mean change in lordosis at 
T9–T10 with the suture loop was 0.2°±0.2°. This change 
was significantly different from zero (p<0.05) (Table 1).

Figs. 2 and 3 summarize the results of the ROM biome-
chanical testing at T9–T10 under different testing condi-
tions. There was no significant difference between the 
interventions and fused condition at T7–T8 and T8–T9.

The flexion ROM at T9–T10 in the fused spine loaded 
at 8 Nm increased by 62% compared to the native spine 
loaded at 4 Nm. Flexion ROM was reduced from the 
fused state (162%±31% of native spine) by the suture loop 
(141%±31% of native spine). However, augmentation of 
the posterior ligamentous tension band with a polyester 
fiber suture loop did not significantly improve flexion 
ROM (p=0.13). When the ISL/SSL complex was transect-
ed, there was no significant change in the flexion ROM at 
T9–T10 (177%±37% of native spine, p=0.66). While the 
suture loop and cut ISL/SSL groups were not significantly 

different from the fused spine, the trends of change in 
flexion ROM were consistent across all specimens for su-
ture loop (range, 6%–43% decrease in ROM) and cut ISL/
SSL complex (range, 0.6%–39% increase in ROM) com-
pared to the fused spine (Table 2).

The FE ROM at T9–T10 in the fused spine loaded at 
8 Nm increased by 36% compared to the native spine 
loaded at 4 Nm. Reinforcing the posterior ligamentous 
complex with a polyester fiber suture loop reduced the FE 
ROM to 12% less than that of the fused spine with an in-
tact ISL complex (p=0.04). Severing the ISL/SSL complex 
significantly increased the FE ROM by 12% compared to 
the fused spine with an intact ISL complex (p=0.04). FE 
ROM at T8–T9 with a severed ISL/SSL complex showed 
a 17% increase in ROM compared to the fused spine 
(p=0.005).

The LB ROM at T9–T10 in the fused spine loaded at 
8 Nm increased by 32% compared to the native spine 
loaded at 4 Nm. There was no significant change after sev-
ering the ISL/SSL complex or augmenting with a polyester 
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Fig. 2. ROM in flexion (A), flexion-extension (B), lateral bending (C), and axial rotation (D) across the thoracolumbar spine was largely unaffected, 
except at the index level (T9–T10), with each intervention technique. The native spine was loaded at 4 Nm in each direction, while each instrumen-
tation condition was loaded at 8 Nm to simulate increased postoperative loading. Points represent mean, and error bars represent standard devia-
tion. ROM, range of motion.

 Cut interspinous ligament     Mersilene     Fused     Native
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fiber suture loop (p=0.99). Similarly, the AR ROM at T9–
T10 in the fused spine loaded at 8 Nm increased by 28% 
compared to the native spine loaded at 4 Nm, with no 
significant change after severing the ISL/SSL complex or 
reconstituting the posterior ligamentous complex with a 
polyester fiber suture loop (p=0.99).

Notably, two cadaveric specimens failed during biome-
chanical testing secondary to fracture and were excluded 
from the analysis. Specimen LMD 16-519 (65-year-old 
female) had a lumbar BMD of 0.495 with an associated T 
score of −5.0. The other specimen that failed was LMD 15-
510 (69-year-old male) with a lumbar BMD of 0.898 and 
an associated T score of −1.8. Of note, specimen LMD 371 
(76-year-old female) with a lumbar BMD of 0.596 and an 
associated T score of −4.1 did not fail during biomechani-
cal testing.

Discussion

PJK remains a significant postoperative complication 
following surgery for adult spinal deformity. While the 
pathophysiology of PJK is still not fully understood, it is 
likely to be multifactorial. One biomechanical theory is 
that PJK is due, in part, to an abrupt change in stiffness 
between the rigid instrumented vertebral segments and 
the relatively mobile proximal adjacent non-instrumented 
segments. This is consistent with the abrupt increase in 
flexion ROM at the UIV/UIV+1 level that is observed in 
our cadaveric model.

No definitive surgical techniques have been developed 
so far to prevent PJK. During posterior spinal fusions for 
adult spinal deformity, the ISL/SSL complex is usually 
released at most of the instrumented levels to increase 

Table 2. T9–10 flexion ROM compared to fused

Intervention 95% confidence interval p-value

Suture loop     -2.868 to 46.20 0.1282

Cut supraspinous ligament+interspinous ligament -39.19 to 9.873 0.6609

p>0.05 indicates that flexion ROM at upper instrumented vertebra+1 is not significantly different compared to fused.
ROM, range of motion.
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Fig. 3. Flexion range of motion (A) as well as extension (B) with minimal effects in lateral bending (C) and axial rotation (D) at the T9–T10 level. 
The native spine was loaded at 4 Nm in each direction, while each instrumentation condition was loaded at 8 Nm to simulate increased postopera-
tive loading. Bars represent mean, and error bars represent standard deviation. ROM, range of motion; ISL, interspinous ligament; SSL, supraspinous 
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flexibility and allow for more correction of the deformity. 
However, past studies have demonstrated the importance 
of preserving an intact ISL/SSL complex above a long 
spinal fusion [19,23]. At the proximal end of these con-
structs, many surgeons take precautions to preserve the 
ISL/SSL complex, but occasionally, it may be inadvertently 
sectioned at the proximal adjacent non-instrumented 
level.

This is the first human cadaveric biomechanical study 
to evaluate whether a surgical strategy to augment the 
posterior ligamentous tension band between the UIV and 
UIV+1 with a polyester fiber suture could help mitigate 
the risk of PJK by alleviating excessive flexion loads on the 
proximal junctional segment following multilevel fusions. 
Biomechanical models of PJK assume that an increased 
load exists at the proximal segment following fusion, as is 
observed in our cadaveric model. The results of our study, 
however, demonstrate that transection of the ISL/SSL 
complex does not significantly change flexion ROM be-
tween the UIV and UIV+1. Furthermore, although subse-
quent augmentation of the posterior ligamentous tension 
band with a polyester fiber suture loop reduces overall FE 
ROM, it fails to improve excessive flexion ROM between 
the UIV and UIV+1. These results indicate that aug-
menting the posterior ligamentous complex with a fiber 
suture loop does not mitigate excessive flexion loads on 
the proximal junctional segment following instrumented 
spinal fusion. We suggest that the role of the posterior 
ligamentous tension band in mitigating PJK may only be 
secondary to anterior column support provided by the 
vertebral body and the intervertebral disc, explaining why 
clinical cases of PJK have significantly more wedging or 
compression fractures of the vertebral body than pure 
posterior distraction [11,20]. This notion is further sup-
ported by more recent data presented at the 52nd Annual 
Meeting of the Scoliosis Research Society in 2017 by Iyer 
et al. [25]. In a retrospective cohort study of 126 patients 
with 35 patients undergoing reinforcement of the poste-
rior ligamentous structure using a nylon tape, they found 
no difference in the rate of PJK between the nylon tape 
cohort and the non-nylon tape cohort (26% versus 28%, 
p=0.842). Similarly, two cadaveric specimens were ex-
cluded from the current study secondary to a fracture of 
the vertebrae during biomechanical testing. Notably, both 
specimens had low T-scores, thereby suggesting the rela-
tive importance of BMD to the integrity of the posterior 
ligamentous structure in the development of PJK.

Our results differ from a recent study by Bess et al. [24]. 
Using a finite-element model, Bess et al. [24] investigated 
the ability of posterior anchored polyethylene tethers to 
distribute proximal motion segment stiffness in long in-
strumented spine constructs in the thoracolumbar spine. 
They demonstrated that augmentation of a long pedicle 
screw construct with an increasing number of posterior 
tethers created a more gradual transition from the in-
strumented to the non-instrumented spinal segments in 
ROM, pedicle screw loads, and forces in the posterior 
ligamentous complex, compared to constructs that used 
standard pedicle screw instrumentation or transverse pro-
cess hooks at the UIV.

Several other biomechanical studies have also analyzed 
and compared the effects of different surgical strategies 
with the goal of reducing the risk of PJK. Anderson et al. 
[23] demonstrated, in a human cadaveric study, that soft 
tissue dissection done as part of the exposure and instru-
mentation of the UIV can reduce proximal adjacent mo-
tion segment stiffness. The single most important poste-
rior structure that was likely to be disturbed by posterior 
instrumentation and arthrodesis was the ISL/SSL com-
plex. Removal of the tethering effect of this ligamentous 
complex resulted in a 6.6% loss of flexion stability.

Cahill et al. [26] constructed a finite-element model of 
a thoracic spinal fusion to determine whether the use of 
transition rods could reduce the biomechanical risks of 
PJK. They first demonstrated that an intact ISL complex 
was integral in preventing abnormal disc pressure and 
angular displacement at levels above the UIV. Their results 
also demonstrated that the use of a transition rod at the 
UIV+1 decreased the concentration of kyphosis-produc-
ing forces above the UIV that could potentially lead to 
PJK.

Cammarata et al. [19] used a computational model to 
analyze and compare the impact of the proximal dissec-
tion procedure, the implant type at the UIV, the sagittal 
rod curvature, and the proximal diameter of proximal 
transition rods on the biomechanical properties of the 
proximal junctional spinal segment. They demonstrated 
that the use of transverse process hooks at the UIV result-
ed in reduced biomechanical risk of PJK due to decreased 
rigidity at the UIV compared to the use of pedicle screws 
at the UIV. Their simulations showed similar results of de-
creased rigidity at the UIV with the use of tapered transi-
tion rods with reduced proximal diameters of 4 mm com-
pared to the use of continuous 5.5 mm rods at the UIV. 
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Lastly, they demonstrated that preservation of posterior 
structures at the UIV could also reduce the risk of PJK.

Similar to Cammarata et al. [19], Thawrani et al. [21] 
used a porcine thoracic spine model to show that trans-
verse process hooks at the UIV resulted in a more gradual 
transition from rigid fixation to the normal mobility of the 
unfused spine in a long posterior spinal fusion construct 
compared to pedicle screws. All of the above biomechani-
cal studies demonstrated that rigid fixation at the UIV 
creates a dramatic change in stiffness as the spine transi-
tions from the instrumented to the non-instrumented 
spine. This difference in relative stiffness between the UIV 
and UIV+1 is thought to be a biomechanical risk factor 
for the development of PJK; thus, the occurrence of PJK 
may be reduced by less rigid constructs at the proximal 
terminus of the construct.

Limitations of this study include the length of the in-
strumented construct and the choice of the UIV. Our 
specimens were human cadaveric thoracolumbar spines, 
which included only the levels T7–L2. This limited both 
the upper and lower extent of our instrumented constructs. 
Past studies have demonstrated that proximal junctional 
failure occurs most often in the thoracolumbar region, 
with particularly high rates of failure when the UIV is 
at T10 [8,10]. However, our model may not simulate the 
biomechanical properties of longer multilevel constructs 
that extend up to the cervical spine and/or down to the 
sacropelvis. We were also limited in the choice of the UIV 
due to the nature of our cadaveric specimens. Our instru-
mentation ended at T10, but adult spinal deformity often 
requires long multilevel fusions that extend up to the cer-
vical spine or cervicothoracic junction. Transitional areas 
have complex biomechanics; therefore, our results should 
be interpreted with caution for clinical cases of fusion that 
extend up to the cervicothoracic junction. We also do not 
consider the potential stabilizing effects of the costover-
tebral articulations and rib cage, although both have been 
shown in past studies to provide no significant contribu-
tion to motion segment flexion stiffness [27,28].

Conclusions

Our cadaveric biomechanical study demonstrates that 
transection of the ISL complex does not significantly 
change flexion ROM at the proximal junctional segment 
following instrumented spinal fusion. Furthermore, aug-
mentation of the posterior ligamentous tension band with 

a polyester fiber suture loop does not mitigate excessive 
flexion loads on the proximal junctional segment. We 
postulate that the role of the posterior ligamentous ten-
sion band in mitigating PJK may only be secondary to 
anterior column support provided by the vertebral body 
and the intervertebral disc. This may explain why sig-
nificantly more wedging or compression fractures of the 
vertebral body are seen in clinical cases of PJK than pure 
posterior distraction [11,20]. Future studies will need to 
more closely examine the interplay between the anterior 
column support and posterior ligamentous structures in 
mitigating excessive flexion loads on the proximal junc-
tional segment. Alleviating this risk will be valuable in 
developing effective surgical techniques to prevent PJK.
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