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LABORATORY INVESTIGATION
J Neurosurg Spine 34:236–244, 2021

Adult spinal deformity (ASD) is increasingly prev-
alent, with asymptomatic incidences reported to 
be as high as 68% in adults older than 60 years.1 

Surgical spinal fusion may be indicated for patients with 
severe imbalance or neurological symptoms, or in patients 
not responding to conservative treatment.2 The annual 
number of spinal fusion procedures for ASD has increased 

by 273% between 2001 and 2013 in the National (Nation-
wide) Inpatient Sample of the US.3

Pedicle screws (PSs) provide a rigid connection be-
tween the vertebrae and the spinal rods. However, PS con-
structs are susceptible to screw pullout or junctional fail-
ure, especially in bone with diminished bone quality, such 
as in patients with osteoporosis.4,5 The revision rate due 

ABBREVIATIONS ASD = adult spinal deformity; BMD = bone mineral density; FE = finite element; PS = pedicle screw; SC = sublaminar cable; ST = sublaminar tape; 
UHMWPE = ultra–high-molecular-weight polyethylene. 
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OBJECTIVE Complications after adult spinal deformity surgery are common, with implant-related complications occur-
ring in up to 27.8% of cases. Sublaminar wire fixation strength is less affected by decreasing trabecular bone density in 
comparison to pedicle screw (PS) fixation due to the predominant cortical bone composition of the lamina. Sublaminar 
fixation may thus aid in decreasing implant-related complications. The goal of this study was to compare fixation charac-
teristics of titanium sublaminar cables (SCs), ultra–high-molecular-weight polyethylene (UHMWPE) tape, PSs, and PSs 
augmented with UHMWPE tape in an ex vivo flexion–bending setup.
METHODS Thirty-six human cadaver vertebrae were stratified into 4 different fixation groups: UHMWPE sublaminar 
tape (ST), PS, metal SC, and PS augmented with ST (PS + ST). Individual vertebrae were embedded in resin, and a 
flexion–bending moment was applied that closely resembles the in vivo loading pattern at transitional levels of spinal 
instrumentation.
RESULTS The failure strength of PS + ST (4522 ± 2314 N) was significantly higher compared to the SC (2931 ± 751 N) 
and PS (2678 ± 827 N) groups, which had p values of 0.028 and 0.015, respectively (all values expressed as the mean 
± SD). Construct stiffness was significantly higher for the PS groups compared to the stand-alone sublaminar wiring 
groups (p = 0.020). In contrast to SC, ST did not show any case of cortical breach.
CONCLUSIONS The higher failure strength of PS + ST compared to PS indicates that PS augmentation with ST may be 
an effective measure to reduce the incidence of screw pullout, even in osteoporotic vertebrae. Moreover, the lower stiff-
ness of sublaminar fixation techniques and the absence of damage to the cortices in the ST group suggest that ST as a 
stand-alone fixation technique in adult spinal deformity surgery may also be clinically feasible and offer clinical benefits.
https://thejns.org/doi/abs/10.3171/2020.6.SPINE20605
KEYWORDS sublaminar wires; pedicle screws; biomechanics; spinal deformity; surgical technique
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to implant failure after ASD correction is 27.8% within 2 
years of clinical follow-up.6 Sublaminar wire fixation has 
been shown to be less dependent on bone mineral density 
(BMD) compared to PSs,7 because the trabecular bone 
within the pedicle and the vertebral body are mainly af-
fected in osteoporosis. PS fixation augmented with sub-
laminar wires may thus potentially decrease the incidence 
of PS pullout.

Metal sublaminar wires have been frequently associ-
ated with complications, such as laminar cut-in and cable 
failure.8 Alternatively, polymer tape has been introduced 
to address these disadvantages.9,10 The wide profile of the 
sublaminar tape (ST) increases the contact area, resulting 
in lower peak stresses. Hence, higher correction forces 
can be applied. Furthermore, ultra–high-molecular-weight 
polyethylene (UHMWPE) ST has a substantially higher 
fatigue strength in comparison to metal sublaminar wires.11

The goal of this ex vivo biomechanical study was to 
assess the instantaneous failure characteristics of different 
spinal fixation methods by using human cadaveric verte-
brae in a flexion–bending setup to represent loads occur-
ring at the ends of a long-segment construct. We hypoth-
esize that sublaminar fixation possesses a lower fixation 
stiffness and an equal or higher pullout strength compared 
to PSs. Furthermore, augmenting PSs with ST is expected 
to significantly increase the failure load.

PS fixation strength is generally assessed ex vivo by 
using an axial pullout test setup, whereas the fixation 
strength of sublaminar wires has been assessed using a 
wide variety of testing methods.12–16 Only a few studies 
have directly compared different fixation techniques by 
using an experimental setup that mimics in vivo loading of 
construct ends.17,18 In this study, in vivo loading conditions 
due to a flexion movement were simulated. Bilateral spinal 
rods were used as a cantilever beam, leveraging around 
a fixed fulcrum point, ultimately applying in a force and 
moment to different spinal fixators. Using this setup, 
metal sublaminar wires were compared to UHMWPE ST 
and PSs. Additionally, the potential benefit of augmenting 
PSs with UHMWPE ST is assessed. A finite element (FE) 
model representing the experimental setup was then used 
to quantify loads, and to investigate differences in load 
distribution and stress magnitudes within the vertebrae 
between PS and ST configurations.

Methods
Specimens

Six fresh-frozen human thoracolumbar spinal columns 
were obtained from the Department of Anatomy and 
Embryology, Maastricht University. A handwritten and 
signed codicil was received from all donors. Specimens 
were stored at −30°C and thawed in tap water before fur-
ther manipulation. Plain radiographs were made of the 
specimens to exclude vertebrae with fractures or meta-
static disease. Dual energy x-ray absorptiometry (DEXA) 
scans were made to determine BMD. Subsequently, the 
vertebral columns were separated into individual verte-
brae and denuded of soft tissue. After pilot testing, use of 
spine segments for another experiment, and exclusion of 
fractured and metastatic vertebrae, 36 vertebrae remained 
for biomechanical testing.

Embedding
All specimens were embedded in polymethylmethac-

rylate (PMMA, Technovit 3040; Heraeus Kulzer) with the 
superior endplate positioned vertically and the base of the 
pedicles completely embedded. To allow for sublaminar 
wire passage after embedding, the posterior half of the 
spinal canal was kept free from embedding material by 
using molding clay.

Instrumentation
The specimens were stratified over the following in-

strumentation groups (Fig. 1) based on level and BMD: 
PSs, ST, sublaminar cable (SC), and ST-augmented PSs 
(i.e., PS + ST).

Pedicle Screws
Monoaxial PSs (CD Horizon; Medtronic Sofamor 

Danek) were placed bilaterally by an experienced ortho-
pedic spine surgeon (P.C.W.) before embedding. The entry 
points were identified using anatomical landmarks and 
subsequently breached using a drill and bone awl. The 
pedicles were prepared under visual guidance with a ped-
icle probe. Next, care was taken to insert the PSs parallel 
to the superior endplate. After placing the spinal rods, the 
set screws were fixed with 9 Nm of torque in accordance 
with the manufacturer’s recommendations.

FIG. 1. Schematic illustration of the experimental study groups. The vertebrae are instrumented bilaterally with PSs, UHMWPE ST, 
titanium SCs, or PSs augmented with UHMWPE ST (i.e., PS + ST). Figure is available in color online only.
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Sublaminar Tape
The ST was passed through the spinal canal around 

the lamina and knotted using a Klemheist knot with 2 
wraps.19 The UHMWPE ST is a 4-mm-wide radiopaque 
woven tape made with Dyneema Purity Radiopaque fi-
bers.11 After a first half-hitch, the knot was tensioned up 
to 500 N with a custom-made device. Finally, the knots 
were secured with 6 additional reversed half-hitches on 
alternating posts.20

Sublaminar Cable
The titanium SCs (01.0 mm) (Atlas cable system; 

Medtronic Sofamor Danek) were instrumented analogous 
to the ST. Tensioning (156 N) and fastening was performed 
according to the manufacturer’s recommendations.

Sublaminar Tape–Augmented Pedicle Screws 
The specimen was instrumented with PSs, as described 

above. Subsequently, the ST was passed through the spinal 
canal and knotted, tensioned up to 500 N, and secured as 
described before.

Pullout Testing
The embedded vertebrae were mounted on a sliding 

carriage with sleeve bearings oriented with the caudal 
end toward the fulcrum point (Fig. 2) to represent loading 
at the superior end of a construct. Subsequently, 10-mm 
custom-made stainless steel rods, tapered at the end to 
fit the 5.5-mm PSs, were placed over a fulcrum and con-
nected to the vertebrae according to the designated fixa-
tion members (PS, ST, SC, or PS + ST). The rods were 
cross-linked at the cranial as well as the caudal end. In 
case of sublaminar fixation, the cross-links were fixed be-
fore tensioning the cables/tapes. The distance between the 
fulcrum and the screw insertion point (75 mm), and the 

distance between loading rod and fulcrum (25 mm) were 
kept constant for all samples.

After a preload phase up to 50 N at 20 mm/minute, 
the construct was loaded at 10 mm/minute by using a 
universal testing machine (Instron E3000; Instron). Load 
was increased until construct failure occurred. Data were 
analyzed above 100 N of applied load to allow for setting 
of the construct. Stiffness of the construct was defined as 
the slope of the force-displacement curve between 100 N 
and 500 N, and is expressed in Newtons per millimeter 
(N/mm). The mechanism of failure was noted.

Statistical Analysis
The failure load was defined as the peak load and 

extracted from the force-displacement data. One-way 
ANOVA was performed to test for differences across 
groups for age, BMD, failure load, and stiffness. Pooled 
stiffnesses were compared by an independent samples t-
test. Vertebral level stratification over the different groups 
was assessed using a Kruskal-Wallis test. Statistical sig-
nificance was set at p < 0.05 for all statistical analyses.

FE Modeling
An FE model of a single human vertebra (male, 96 years 

old, T9 level) instrumented with PSs and ST was devel-
oped to replicate the experiment in silico. The vertebra was 
scanned by microCT (microCT100; SCANCO Medical) at 
a 34.2-µm spatial resolution (70 kV, 200 µA, 300 msec, 
Al 0.5-mm filter), and was subsequently downscaled to 
clinical CT resolution (0.5 mm). Initially, the vertebra was 
scanned without instrumentation, and subsequently with 
ST and finally with PSs. A custom-made device was used 
to replicate the orientation of the vertebrae in the scanner. 
This allowed for overlaying of the noninstrumented and in-
strumented segmented images, allowing for accurate seg-

FIG. 2. A: Each vertebra was embedded with the PS trajectory in a vertical position. Bilateral spinal rods were stabilized by 2 
cross-links (black rectangles) and positioned over a fulcrum point (Frot). The applied load (Fload) resulted in a flexion movement and 
a resistant force (Fres) by the vertebral fixation. In the case of PS fixation, a moment is applied around the head of the PS (Mres). 
The distance between fixation and fulcrum point (dfix), and the distance between fulcrum point and load application (dload) were kept 
constant between the experiments at 75 and 25 mm, respectively. B and C: The FE meshes developed to evaluate PS (B) and ST 
(C) fixation constructs. Boundary conditions were applied to the FE meshes to replicate experimental tests for the analysis of load 
distribution within the vertebrae. Figure is available in color online only.
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mentation. The downscaled images of the vertebra were 
segmented using ScanIP (Simpleware), and FE models of 
linear tetrahedral meshes were generated using Abaqus 
(version 6.14, Dassault Systèmes) (Fig. 2B and C). Bone el-
ements were assigned mineral content (ρ)–dependent ma-
terial properties, considering tissues ρ with from 0.004 to 
1.085 gHA/cm3. A power law relationship (E(ρ) = 4.73 ρ1.56 
GPa) reported in the literature for vertebral cancellous bone 
was taken into account,21 and a Poisson’s ratio of 0.3 was 
defined for bone tissue. Isotropic elastic properties were 
considered for PS material (E = 110 GPa, ν = 0.3). The ST 
was modeled as an isotropic elastic material (UHMWPE: 
E = 5 GPa, ν = 0.311), whereas the bilateral spinal rods were 
modeled as rigid connector elements. Linear elastic simu-
lations were carried out and a load of 1000 N was applied 
to the rods bilaterally at a distance (dload) of 25 mm from 
the rotation point. At the other end, the rod was rigidly at-
tached to the screw head or wire knot at a distance (dfix) 
of 75 mm. Similar to the experiment, only free displace-
ment parallel to the rods was allowed (Fig. 2A). From the 
FE model, the axial reaction force (Fres) was obtained and 
the applied bending moment (Mres) at the screw/wire then 
followed from the bending moment equilibrium equation 
(Fig. 2A): Fresdfix + Mres − Floaddload = 0 (Equation 1). 

Results
Specimen Demographics

Two samples from the PS group were excluded due to 
early pedicle fracture during testing. Thus, a total of 34 
vertebrae (of the 36 available specimen) were included in 
the analysis. Allocation of the vertebrae to the 4 different 
groups resulted in nonsignificant differences for age (p = 
0.103), BMD (p = 0.785), and vertebral level (p = 0.743) 
(Table 1).

Ex Vivo Biomechanical Test
A significantly higher failure load was measured for the 

PS + ST group (4522 ± 2314 N) in comparison to the PS 
group (2678 ± 827 N) (p = 0.015), and the SC group (2931 
± 751 N) (p = 0.028). No statistically significant difference 
was found between the PS + ST and ST (3563 ± 1428 N) 
group (p = 0.170). No statistically significant differences 
were measured between the PS, ST, and SC groups (Fig. 
3, Table 2).

The stiffness of the PS and PS + ST groups were com-
parable, with mean stiffness of PS (794 ± 168 N/mm) and 
PS + ST (802 ± 237 N/mm) respectively, (p = 0.929). The 
stiffness of the ST and SC groups were also comparable 

(637 ± 134 N/mm and 653 ± 172 N/mm, respectively; p 
= 0.855). Statistical comparison of individual groups did 
not render statistically significant differences. However, a 
pooled comparison between PS-based fixations (PS and 
PS + ST) (798 ± 205 N/mm) compared to both sublaminar 
fixation techniques (645 ± 150 N/mm) was significant (p 
= 0.020).

Distinct differences in failure mode were observed be-
tween the 4 groups, as is shown in Fig. 4. In both the PS 
and PS + ST groups, all but one of the samples failed by 
screw pullout. One sample failed by pedicle fracture in 
both groups. In the ST group, one sample failed by lamina 
fracture, whereas the remainder failed by pedicle fracture. 
Two samples failed by wire breakage in the SC group. 
Testing of the SC specimen resulted in either unilateral or 
bilateral cortical breach.

All of the load-displacement curves showed a similar 
initial pattern with a toe region up to approximately 100 
N followed by a near linear region until failure (Fig. 5). 
In the PS group, the steep linear increase continued until 
the yield point, where either a single or a double failure 
pattern could be identified, depending on the occurrence 
of simultaneous or consecutive PS failure. Discordantly, 
the SC group showed a short linear region, followed by 
a stochastic load-displacement increase until failure. Fi-
nally, the PS + ST group had a loading phase consisting 
of 2 separate linear parts. After an initial lower stiffness, 
a distinct region with a higher stiffness can be discerned.

FE Simulations
In the PS construct, 1000 N of loading resulted in an 

Fres of 312 N. From the bending equation (Equation 1), an 
Mres of 1.6 Nm follows. For the ST case very similar values 
were found.

In the PS construct, a maximum principal stress of ± 9 
MPa was found at the pedicles. In agreement with the fail-
ure patterns in the ex vivo biomechanical tests, the screw 
thread and the pedicles endure the highest stress (Fig. 6A–
C). The ST fixation simulation resulted in distinctly differ-
ent load distribution compared to PS fixation. The forces 
of the ST acting on the laminae predominantly distribute 
through the cortical bone of the laminae and the pedicles 
(Fig. 6D–F). At 1000 N applied load, a maximum principal 
stress of ± 17 MPa is predicted in the cortex of the pedicles.

Discussion
In this ex vivo biomechanical study simulating the 

loading pattern at proximal ends of spinal constructs, the 

TABLE 1. Demographics of donors of the vertebrae included in the analysis

Group (no.) Age, Yrs BMD, g/cm2

Vertebral Levels
T3 T4 T5 T6 T7 T8 T9 T10 T11 T12 L1 L2 L3 L4

PS (8) 87.00 ± 5.56 0.640 ± 0.209 2 1 1 1 1 1 1
ST (9) 77.89 ± 9.41 0.610 ± 0.154 1 1 2 1 1 1 1 1
SC (9) 77.89 ± 9.41 0.703 ± 0.211 1 1 1 1 1 1 1 1 1
PS + ST (8) 77.89 ± 9.41 0.622 ± 0.252 1 1 1 2 1 1 1

Values for age and BMD are expressed as the mean ± SD.
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instantaneous failure characteristics of different spinal 
fixation methods were studied. A flexion–bending moment 
was applied until construct failure, to allow for direct com-
parison between PSs, SCs, ST, and PS + ST in the same test 
setup with clinically relevant failure modes for all groups. 
The PS + ST group had a significantly higher failure load 
compared to PS, whereas both types of sublaminar fixa-
tion (ST and SC) resulted in a significantly lower construct 
stiffness. The observed failure modes demonstrate the im-
proved force distribution attained with ST compared to SC, 
with no laminar cut-in occurring in the ST group.

The PS + ST group displayed a higher ultimate failure 
strength compared to PS. This is in agreement with Sun 
et al., who demonstrated similar differences in a bending 
setup with calf spinal segments, indicating that PS + ST at 
the distal ends of long-segment spinal constructs provides 
mechanical benefit.18 No differences in failure strengths 
for SC, ST, and PS were found in the current study. This is 

in agreement with Paxinos et al., who compared the fixa-
tion strength between PS and sublaminar wire fixation in 
human vertebrae with low BMD.16 Several studies have 
found lower mean ultimate failure strength magnitudes for 
the SC and ST groups.12,18 This could be explained by the 
considerably lower BMD in these studies (0.190–0.360 
g/cm2, compared with 0.400–1.106 g/cm2 in the current 
study). Considering the higher BMD and the positive lin-
ear relationship between PS fixation strength and BMD in 
our study, the pullout strength of PSs is expected to have 
been relatively high.7,16

Although failure loads were similar, the construct stiff-
ness was higher for PS constructs compared to SC and ST 
constructs. This is in agreement with the findings of Sun et 
al., and confirms the semirigid nature of sublaminar fixa-
tion. The reduced construct stiffness of sublaminar fixa-
tion hints at the possibility to use it as a means to achieve 
topping off, with the aim to avoid proximal junction 

TABLE 2. Failure loads and stiffness (mean ± SD) with pairwise p values

Group PS ST SC PS + ST

Failure load (N) 2678 ± 827 3563 ± 1428 2931 ± 751 4522 ± 2314
 PS — 0.219 0.722 0.015*
 ST — — 0.362 0.17
 SC — — — 0.028*
Stiffness (N/mm) 794 ± 168 637 ± 134 653 ± 172 802 ± 237
 PS — 0.083 0.117 0.929
 ST — — 0.855 0.069
 SC — — — 0.098

* Indicates significance with p < 0.05.

FIG. 3. Boxplots of failure load and construct stiffness. Boxes and whiskers represent interquartile ranges and significance is 
indicated by asterisks. A: The applied force at failure was comparable between the PS, ST, and SC construct groups. The PS + 
ST group displayed a significantly higher failure load compared to the PS group. B: A clear distinction can be observed between 
stand-alone SC/ST groups and PS-based groups: PS and PS + ST constructs had significantly higher construct stiffness com-
pared to sublaminar constructs (ST and SC). No significant differences were found between SC and ST. * p < 0.05.
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kyphosis.22 Recently, a number of studies have analyzed 
these possibilities both biomechanically and clinically 
for clamp-based sublaminar systems.23–25 The low fatigue 
strength of metal cables does not allow for stand-alone 
fixation at construct ends, and thus the use of UHMWPE 
tape may offer great benefit. Therefore, thorough biome-
chanical comparisons in human cadaver thoracolumbar 
spine segments should be performed to elucidate this ad-
ditional potential benefit.

Comparing the PS + ST group to the PS group, a simi-
lar stiffness was found. As mentioned previously, the load-
displacement curve of the PS + ST group showed a 2-stage 
progression; initially, there is a linear region when load 
is predominantly carried by the PSs, and secondly, an in-
creasingly steep linear region at higher loads. The cables do 
not encompass the rods at the exact same position at which 
the screws are attached. Thus, presumably the ST only sup-
ported the screws when the rods started to deform elasti-
cally at higher forces. Because the ST augmentation does 
not increase construct stiffness, it may reduce PS pullout 
without increasing the risk of proximal junctional kypho-
sis in long-segment instrumented spinal fusion.26 Clinical 
evaluation will ultimately be needed to elucidate the effect 
of ST augmentation on clinical complication rates.

No significant differences were found between the SC 
and ST groups in terms of stiffness and ultimate failure 
strength. The majority of specimens failed by pedicle base 
fracture in both groups, indicating a superior strength of the 
lamina compared to the pedicles. In the study performed 
by Hongo et al., a 6-mm polyester ST was compared to a 
monofilament SC, with no significant differences between 
their ultimate failure strength either.12 However, differences 
in behavior are clearly reflected by the failure modes of 
these fixation types. Broken SCs were observed in a few 
cases, similar to clinical observations, whereas ST did not 
fail. Moreover, breaching of the cortex was observed in all 
SC specimens, compared to zero occurrences in the ST 
group. This confirms previous findings by Murakami et al., 
who demonstrated that a higher force is necessary to cut 
through the lamina for flat braided tape compared to SC.8

To our knowledge, no FE modeling studies investigat-
ing ST fixation have been published. FE modeling on spi-
nal fixation techniques is primarily focused on PS fixa-
tion.27–30 In our study, FE modeling provided insight into 
the applied bending moment and the load distribution 
within the vertebrae as a result of load transferred through 
PS and ST fixations. If no bending moment can be trans-
ferred (as in classic pullout strength tests), an axial force 
of 333.3 N would have resulted in our setup (Equation 
1). However, the model resulted in a considerable bend-
ing moment because the screw/tape constrained the rota-
tion, and this reduced the actual axial force by 6.4% to 
312 N. It should be noted, however, that because the rod 
was modeled as rigid, the bending moment found here is 
an upper-end value. It should also be noted that the attach-
ment of the rod to the tape results in an over-constraint 
situation because the tape is modeled as fixed (glued) to 
the bone. Nevertheless, the analyses clearly indicate that 
the experimental setup indeed provides a different loading 
compared to classic pullout tests.

The highly loaded regions predicted by the models 
were consistent with the failure locations observed exper-
imentally for both PS and ST configurations. As expect-
ed, the PS model presented high strain values around the 
screw, which relates to the screw pullout occurrences. As-
suming linear behavior up to failure (Fig. 6), the average 
PS failure load (2678 N) would result in an ultimate stress 
of 24 MPa, which is reasonable at the transition between 
cortical and cancellous bone.31 For the ST case, the aver-
age failure load of 3563 N would translate to an ultimate 
stress of 61 MPa, which also in agreement with cortical 
bone failure values. Nonetheless, the peak stresses may 
be overestimated because the natural flexibility of the ST 
was not fully represented in the model. Peak stress distri-
butions in the pedicles are in agreement with pedicle base 
fractures as the experimental primary failure mode. Im-
proved models of the ST, and ultimately combining both 
fixation methods, could demonstrate optimal load distri-
bution through both the trabecular and the cortical bone 
in PS + ST constructs.

FIG. 4. A: The ST has a wide (4 mm) profile and therefore creates a larger contact area compared to titanium SC. This resulted in 
the absence of macroscopically detectable lamina damage. B: Flexion–bending testing resulted in laminar cortical breach in each 
of the specimens. C: Failure mode comparison between the 4 instrumentation groups. Figure is available in color online only.
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We acknowledge certain limitations of this study. Pre-
viously, various studies have shown a relation between PS 
fixation strength and BMD.7,16,32 In an effort to create ro-
bust and clinically relevant data, we did not restrict the in-
cluded vertebral levels. Instead, thoracic and lumbar levels 
were stratified over the 4 experimental groups. Due to the 
wide variety of included vertebrae and a limited amount of 
specimen, effect modification of BMD could not be prop-
erly assessed. Furthermore, it should be noted that this test 

setup only measures initial fixation strength of the various 
fixation members and cannot provide information on the 
long-term biomechanical differences between the methods 
of fixation.

Conclusions
Our study demonstrated a higher ultimate fixation 

strength of PS + ST compared to stand-alone PS or SC. 

FIG. 5. Representative force-displacement curve for each of the construct types. Yield force indicated with red star and stiffness 
calculated over the red dotted linear slope. A: PS constructs displayed a near linear force-displacement curve. After failure, the 
resistance to load disappeared immediately. B: ST constructs also displayed a near linear load-displacement relationship. The 
resistance to force was completely released after peak force due to failure by pedicle fractures. C: SC constructs displayed an 
irregular curve resulting from cutting of the cable into the lamina. Force was released immediately after reaching failure load. D: 
Constructs with ST-augmented PSs (i.e., PS + ST) typically demonstrated 2 distinct slopes: an initial linear slope, followed by a 
steeper linear slope. In case the failure load resulted in PS pullout only, further resistance to load was achieved by the SCs until 
pedicle fracture. Figure is available in color online only.
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This implies that PS augmentation at the ends of long-
segment spinal constructs may be an effective means to 
avoid screw pullout. Furthermore, this study showed no 
instrument breakage and no laminar damage when using 
UHMWPE ST, whereas both issues commonly occurred 
with titanium SC. Additionally, sublaminar fixation over-
all exhibits a lower stiffness than PS fixation. Considering 
the low BMD of elderly patients, stand-alone application 
of ST in the ASD population may be clinically feasible and 
may offer clinical benefits.
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