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S1 Pedicle Subtraction Osteotomy in Sagittal Balance Correction. A Feasibility Study on

Human Cadaveric Specimens
Vicente Vanaclocha1, Amparo Vanaclocha-Saiz2, Marlon Rivera-Paz1, Carlos Atienza-Vicente2, José Marı́a Ortiz-Criado4,
Vicente Belloch3, José Manuel Santabárbara-Gómez3, Amelia Gómez3, Leyre Vanaclocha5
-BACKGROUND: A cadaveric feasibility study was car-
ried out. Osteotomies to correct fixed sagittal imbalance
are usually performed at L3/ L4.

-OBJECTIVE: To investigate the feasibility of S1 pedicle
subtraction osteotomy to correct spinal deformity and
spinopelvic parameters, achieving better results with more
limited exposure. The data obtained will allow a fixation
construct specific for this osteotomy to be designed.

-METHODS: S1 pedicle subtraction osteotomy was
performed on 12 cadaveric specimens. Baseline and post-
procedural computed tomography and biomechanical
studies were performed. Data were analyzed with a fixa-
tion system SolidWorks model, and the redesigned fixation
construct was described and analyzed with an ANSYS
model.

-RESULTS: S1 pedicle subtraction osteotomy is techni-
cally feasible. The fixation can be achieved with L4, L5, and
iliac screws connected with bars. The system can be
reinforced with a polyetheretherketone cage placed ante-
riorly in the S1 body osteotomy site, a cross-connecting bar,
a double iliac screw, or an anterior interbody cage placed
at the L5-S1 disc. The fixation strength is improved by
angulating the iliac rod channel 10�, adding a semi-sphere
to the locking screw contact surface and 2 fins to its
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Abbreviations and Acronyms
3D: Three-dimensional
ALIF: Anterior lumbar interbody fusion
CT: Computed tomography
FEA: Finite element analysis
LL: Lumbar lordosis
PEEK: Polyetheretherketone
PI: Pelvic incidence
PJK: Proximal junctional kyphosis
PSIS: Posterosuperior iliac spine
PSO: Pedicle subtraction osteotomy
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saddle. The redesigned construct showed suitable stress
and deformation levels, achieving the expected biome-
chanical requirements.

-DISCUSSION: Compared with surgery on higher levels,
S1 pedicle subtraction osteotomy allows greater correction
with shorter fixation, because the osteotomy is performed
at a more caudal level, modifying the spinopelvic
parameters.

-CONCLUSIONS: S1 pedicle subtraction osteotomy is
technically feasible. Finite element analysis results indi-
cate that it has appropriate biomechanical properties.
INTRODUCTION
n the standing position, a straight vertical line (plumb line)
must cross through the vertebral bodies of C2, C7, and S1.

1,2
IThis is known as spinal sagittal balance.3 Hence, sagittal
imbalance4 occurs when that vertical line is off center.5-7

Compensatory mechanisms appear whenever the plumb line
deviation is >5 cm4 with pelvic retroversion8 and hip and knee
flexion,9 forcing the spinal musculature to undergo early fatigue
and pain.1 In addition, ambulation is impaired, and the cervical
PT: Pelvic tilt
S2AI: S2 alar-iliac
SD: Standard deviation
SPO: Smith-Petersen osteotomy
SS: Sacral slope
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lordosis forces a horizontal gaze to be maintained, at times
inducing neck pain.10,11

The primary goal for any spinal reconstructive surgery is resto-
ration of sagittal balance.2,4 Flexible deformities can be corrected
with careful intraoperative positioning and maintained with fixation
constructs,2 whereas rigid or fixed deformities require
osteotomies,4,12,13 which have a significantly increased complica-
tion rate.13 Even with osteotomies, only a third of patients reach a
neutral spinal alignment and reoperations are common.14-17

Over the years, several osteotomies have been described:
Ponte,18,19 Smith-Petersen osteotomy (SPO),20 pedicle subtraction
osteotomy (PSO),21 and vertebral column resection.22 The SPO is
the least aggressive and best tolerated but it usually applied to
several segments because the correction is limited to 5�e10� per
level.20,23 Instead, the PSO allows 30�e40� of correction per
level, has a bigger chance of bone fusion, and does not require a
supplemental anterior approach.24,25 However, it is associated
with high rates of perioperative complications, which increase in
frequency and severity with the comorbidities and extent of the
fixation construct.13-15,21,26,27
Figure 1. S1 pedicle subtraction osteotomy (PSO). (A) Normal preoperative
status with sagittal imbalance; the shaded areas represent the area of bone
to be removed. (B) S1 PSO þ L5-S1 disc removal. Enough posterior
decompression is performed to avoid dural buckling or nerve root
compression on closing the PSO. (C) Closure of the osteotomy with direct
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Postoperative neurologic deficits are moderately frequent,13,14

although most recover spontaneously.13,14,28 Mechanical failure
of the fixation construct is relatively common15,26,29 and the
reported 5-year reoperation rate is 25%.14,30 Some surgeons have
recommended associating the PSO with several SPOs at other
levels instead of a second PSO.27 Vertebral column resection
achieves the maximum degree of deformity correction, but it is
particularly risky for elderly people.2,31,32

A retroperitoneal anterior intersomatic cage combined with
a posterior fixation system can be used33-35 to reduce the
number of levels to be fused. However, this technique requires
both an anterior and a posterior approach, and when applied to
elderly people, it is associated with high morbidity and
mortality.33,34

The PSO has become exponentially popular to correct fixed
sagittal imbalance.14 The perfect circumstances for this
technique are 10e12 cm sagittal imbalance, a sharp angular
kyphosis, or multilevel circumferential fusions.4,36 PSO entails
removing both pedicles plus a vertebral body wedge37 and
gradually extending the operating table.37 It is performed
bone contact, both anteriorly and laterally, but enough space remains in the
posterior area around the thecal sac. (D) It is optional to insert an anterior
interbody cage after S1 PSO and L5-S1 disc removal to increase the
correction.
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usually at L3,
15,38 where it is technically easier, or at L4.

3 Ten
cases have been reported at L5, 7 had a good clinical result but
3 required an additional surgical procedure.39 If the technique
is performed at L2, the position of the conus medullaris has to
be confirmed preoperatively.27,38 PSOs are less commonly used
in the thoracic spine.12 The degree of correction can be increased
by removing the adjacent disc and inserting an anterior interbody
lordotic cage.37

Aiming to maximize sagittal spinal imbalance correction, we
have devised a PSO variant at S1 (Figure 1), because for a given
angular correction, a more caudally located spinal osteotomy
produces a greater overall sagittal balance correction.3,4,39,40 In
addition, any existing spinopelvic imbalances should be
corrigible.
Another problem frequently associated with long fixation con-

structs required for maintaining PSO correction of a spinal
deformity is the fracture of the vertebral soma immediately above
the last fixed vertebra, known as proximal junctional kyphosis
(PJK).2,14 The longer the fixation construct, the higher the chance
that this complication will occur,17,41 making practical shorter
instrumentations desirable.31 Minimally invasive approaches have
been applied in clinical practice42 but the results have not been
encouraging because the degree of correction is limited and
reoperations are common.35 Aiming to reduce the length of the
fixation construct, 5 different possibilities of lumboiliac fixation
for S1 PSO were devised in this study.
After an exhaustive bibliographic search, no references to S1

PSO were found, so a study of human cadaveric specimens was
performed to assess the feasibility, requirements, and degree of
correction that can be achieved. The hypothesis of this study was
that an S1 PSO allows adequate correction of the sagittal balance,
given that being at the base of the spine, smaller osteotomy
angles correlate to greater angles of correction at higher levels.
The main objective of this study was to biomechanically
evaluate the behavior of this S1 PSO. In addition, 5 different
possibilities to achieve a short fusion in this S1 PSO variant were
investigated.
Figure 2. Definitions of the specimen parameters
(sacral slope [SS], pelvic tilt [PT], pelvic incidence [PI]
and lumbar lordosis) modified from the definitions
stated by Garbossa et al.43 FH, femoral head.
METHODS

Twelve fresh cadavers were provided by the Facultat de Medicina i
Odontologia of the the Universitat de Valencia. The cadaveric
specimens were kept in a refrigerator from the moment of death
until the next morning. The medical records were thoroughly
reviewed to exclude specimens with any previous surgical
procedures, trauma, malignancy, or disease involving the spine.
All contributors had to be older than 18 years. Plain spine ante-
roposterior and lateral radiographic studies were performed on all
the cadavers to rule out any disease, unless recent premorbid
spine radiographic examinations were available. Dual energy X-ray
absorptiometry scans of the lumbar spine of each specimen were
obtained to rule out osteoporosis. Subsequently, all soft tissues
were removed except those valuable in biomechanical studies:
bone, intervertebral discs, and ligaments. The specimens’ spines
were sectioned at T10, keeping the last 2 dorsal vertebrae, the
lumbar spine, the pelvis, and the upper third of the femur.
Each specimen was assigned a number for identification during
the study.
WORLD NEUROSURGERY 123: e85-e102, MARCH 2019
Baseline Multislice Computed Tomography Study
It was performed after soft tissue removal, with 0.625-mm section
images from T10 to the coccyx (GE Healthcare, Milwaukee,
Wisconsin, USA). The images were three-dimensionally (3D)
reconstructed with a matrix 512�512 and an isotropic voxel of
1�1�1mm. The computed tomography (CT) images were trans-
ferred to a computer as DICOM (Digital Imaging and Communi-
cations in Medicine). Demineralization was an exclusion criterion,
so bone mineral density was assessed.
In each specimen the pelvic incidence (PI), pelvic tilt (PT),

sacral slope (SS), and lumbar lordosis (LL) (Figure 2), as described
by Lafage et al.,44 were calculated with a specific software
(Materialise Mimics 2017). The iliac screw entry point in the
posterosuperior iliac spine (PSIS) and its maximal possible
length inserted in the direction of the anterosuperior iliac spine
were calculated. Other parameters such as the sagittal vertical
axis, the T1-pelvic angle, or the global tilt, which are proposed
by some as more accurate,45 could not be evaluated because that
would require biomechanical studies of the whole spine, which
was unfeasible in our laboratory.
Specimens were kept frozen at �25� C until the preoperative

biomechanical study, when they were thawed at room temperature
for 4e5 hours.
Baseline Biomechanical Study
All the biomechanical studies were performed at 22�Ce23�C and
40% humidity. Sodium chloride solution 0.9% was sprayed on
www.journals.elsevier.com/world-neurosurgery e87
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the samples every 5 minutes to prevent tissue desiccation.46 A
polyethylene piece with a semi-spherical seat was screwed onto
the superior T10 end plate. Both ischia were potted with acrylic
bone cement (SR Triplex Cold [Ivoclar Vivadent AG, FL-9494,
Schaan, Liechtenstein]), making sure that the disc center plane
at L3 remained horizontal. The symphysis pubis, sacrum, and
sacroiliac joints were kept out of the acrylic bone cement.
For the baseline biomechanical study, each specimen was

attached to the actuator of the testing machine (INSTRON 8874/
135 [Instron Worldwide, Norwood, Massachusetts, USA]). The
forces were transmitted through a sphere connected to the actu-
ator, which lodged itself inside the center of the polyethylene
piece (Figure 3).
As soon as the preparation was complete, nondestructive

biomechanical baseline tests were carried out on the intact spec-
imens to determine the initial stability. Loads of 500 N were
applied through a displacement of the actuator in flexion-
extension, lateral bending, and axial rotation of 0.03 mm/sec-
ond. Five identical loading ramps were applied, reaching 500 N
each time. The rigidity of the specimen was determined using the
last measurement.
Once the biomechanical studies were completed, the specimens

were stored at �25�C to prevent decay.
Figure 3. Specimen placed in the testing machine (INSTRON 8
USA]).

e88 www.SCIENCEDIRECT.com WORLD NE
Surgical Procedure: S1 PSO
The steps for this procedure can be seen in Figure 1. First,
specimens were thawed at room temperature for 4e5 hours.
Then, the amount of S1 bone to be removed was evaluated with
Surgimap v2.2.11.1 (Nemaris Inc., New York, New York, USA),
which included the L5 spinous process, distal half of L5 lamina,
L5-S1 facet joints, S1 and S2 posterior arches, both S1 pedicles,
and a wedge-shaped portion of the S1 vertebral body and sacral
alae (Figure 4A). A bone scalpel was used to section the bone
(Misonix, Farmingdale, New York, New York, USA), minimizing
the dangers related with the use of an osteotome. Bone
fragments were carefully removed with bone rongeurs. The
thecal sac was moved medially, to allow removal of the posterior
wall of the S1 vertebral body (Figure 4B). A wedge section of the
PSIS was removed to prevent the collision of the L5 pedicle and
iliac screws on closing the PSO.
Several components were inserted at this point: multiaxial

titanium (Ti6Al4V ELI) pedicle L4 (6.5�40e50 mm) and L5
(6.5�40e50 mm) and iliac screws (7.5�70 mm) and rods
(diameter 5.50 mm) (Zodiac [Alphatec Spine, Carlsbad, Cali-
fornia, USA]) (Figure 4D). Offset connectors were used as
required to connect any necessary second iliac screw on the
same side.
874/135 [Instron Worldwide, Norwood, Massachusetts,
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Figure 4. (A) Preoperative status of the
dorsolumbopelvic specimen. The shading shows the
areas of bone to be removed. (B) Bone removal
completed. The 2 side arrows point to the S1 nerve
roots and the lower arrow to the thecal sac. (C) The S1

pedicle subtraction osteotomy is closed, extending the
lumbar spine and retroflexing the pelvis. (D) Osteotomy
closed and stabilized with pedicle and iliac screws
connected with titanium bars.
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These metal implants were provided by PRIM, S.A. (Mostoles,
Madrid, Spain). The iliac screwswere inserted through the PSIS. The
osteotomy defect was closed, extending the lumbar spine and ret-
roflexing the pelvis (Figure 4C). The thecal sac and the L5 and S1 roots
were revised to ascertain the absence of any buckling or
compressing point. Figure 5 shows one of the specimens before
and after the surgical procedure, and the degree of spinal correction.
Compression stiffness ¼ 500 N=maximum displacement under compressionðmmÞ (1)
Post S1 PSO CT Study
Just after the S1 PSOwas completed, another CT scanwas performed to
ascertain the amount of bone removal, the changes in the spinopelvic
parameters (SS, PI, PT, and LL), and the degree of spinal correction.
Normalized stiffness ¼ ðPost � surgical

WORLD NEUROSURGERY 123: e85-e102, MARCH 2019
Post S1 PSO Biomechanical Study
Subsequently, the specimens underwent a new biomechanical
study, applying the compression loads in the same way and con-
ditions as in the baseline studies. The test was complete after a
500N loading or when a change in the behavior of the specimen
was observed visually. The compression stiffness results were
determined with equation 1.
The stiffness of each instrumented specimen was normalized
with its own intact condition (equation 2).
stiffness=Pre� surgical stiffnessÞ � 100 (2)

www.journals.elsevier.com/world-neurosurgery e89
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Figure 5. Preoperative (left) and postoperative (right) images of one of the specimens. PSO, pedicle subtraction
osteotomy.
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CT Calculation of Sagittal Balance Correction Achieved
Presurgical and postsurgical CT images were compared analyzing
the spinal correction achieved. The CT images were transferred
into a two-dimensional computer-aided design format using the
software MATERIALISE MIMICS 2017 (Materialise, Leuven,
Belgium). The data obtained for each specimen from L4, L5,
sacrum, and iliac parameters were compared between specimens
and with those available in the literature. The angle in the sagittal
plane between the L5 and iliac screw tulips was also evaluated.
A PubMed literature search was carried out to find reported

correction degrees achieved with a PSO at other levels, the mean
height and width values of the lumbar, sacral, and iliac bones, and
the forces acting on the sacral region, as well as to confirm that no
specimen harbored any atypical bony morphology or spinal
angular value and to obtain force values to be able to redesign the
metallic implant.
The parameters of our specimens were compared and found to

be in concordance with those observed in the literature.
Search for Other Possibilities to Increase the Rigidity of the
Fixation Construct
Four additional possibilities were evaluated. First, a 12-mm-high
interbody cage was inserted from a posterior approach in the
e90 www.SCIENCEDIRECT.com WORLD NE
created S1 osteotomy defect. Then, a cross-connecting bar was
placed. The next step was to insert a second iliac screw on each
side, connecting it with an affixation bar. An anterior lumbar
interbody fusion (ALIF) cage was inserted at the L5-S1 disc. After
each step, biomechanical studies were performed to find out how
much the rigidity of the fixation construct had changed.
Implant Redesign
On attempting to close the S1 PSO, the L5 pedicle and iliac crest
screws lay adjacent, often colliding with each other. The iliac
screw tulip and all its subcomponents (i.e., saddle and locking
cap) had to be redesigned because their function was
compromised.
Stress and Bending Moment Calculations with the Raw Design of
the New Implant
Figure 6 shows a simplified model of the fixation construct. The
metal implants were inserted on both sides of the spine. Only
the screw 3 tulip (iliac screw) was redesigned. Two specific
areas (z1 and z2) were determined as critical, because they are
high-risk failure sites. Inertia and stress calculations were per-
formed to ascertain that the implant would not fail under
UROSURGERY, https://doi.org/10.1016/j.wneu.2018.11.052
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physiologic loads or under repetitive loading over long periods.
These stresses were calculated with the following equations47,48:

- Equation 3: inertia calculus

I ¼ pð2� rÞ4=64 (3)

where I ¼ inertia (m4) and r ¼ radius of rod and implant’s core
(m)

- Equation 4: flexor-extensor bending moment calculus

M ¼ d� F (4)

where M ¼ flexor-extensor bending moment (N m), d ¼ length of
the core of the crewed portion of the implant (m) and F ¼ force
(N)

- Equation 5: stress calculus
Figure 6. Simplified diagram of one of the fixation
construct to be redesigned.

WORLD NEUROSURGERY 123: e85-e102, MARCH 2019
s ¼ F=A� ðM=IÞ � r (5)

where s ¼ stress (N/m2), F ¼ force (N), A ¼ area (m2), m ¼
flexor-extensor bending moment (N m) and I ¼ inertia (m4).
Some considerations were taken into account while carrying out

these calculations. The transmitted loads were established as
though they passed through an imaginary line that connected the
tips of the screws. It was also considered that the vertebrae would
not transmit any load; instead, loads would be completely trans-
mitted through the rods. The calculations did not depend on
vertebral morphology but on the fixation construct itself.

3D Computed Redesign of the Implant Constructs
The tulip of the iliac screw and its subcomponents (saddle and
locking cap) were redesigned with the aid of the Design Optimi-
zation Software SOLIDWORKS 2015 (Dassault Systems, Vélizy,
Villacublay Cedex, France). The L4 and L5 pedicle screws did not
require any redesign.

Validation of the Redesigned Implant Constructs
This validation was achieved with finite element analysis (FEA)
with ANSYS Workbench Student 14.5. software (Ansys Inc., Can-
onsburg, Pennsylvania, USA). This FEA analysis followed the
ASTM F1717e15 Standard Test Methods for Spinal Implant Con-
structs in a Vertebrectomy Model directive.49 After importing the
computed model of the fixation construct into the ANSYS
Workbench, the properties of the new fixation construct
material were established. Only Titanium (Ti-6Al-4V ELI) was
applied to the model.50 A mesh was generated using the patch
conforming method: the meshing process of a 3D object
involves dividing the object into a discrete number of elements,
so that when a load is applied, it distributes itself uniformly.
The mesh was composed of 1,853,430 nodes and 1,187,904
triangular elements, allowing the geometry to be resolved
adequately. The standard gradient analysis indicated that the
model could be considered valid.
The external force applied to the fixation construct was set to 400

N based on estimates found in the literature.51 This setting
corresponds to the forces applied to the L5-S1 region in humans
when standing up straight. Furthermore, the iliac screw head was
established as being fixed, whereas the 400-N forces were divided
evenly between the L4 and L5 pedicle screws (200 N at L4 and 200 N
at L5) and applied at the head and threaded portion of the pedicle
screws. This distribution corresponds to the F1717-15 regulation.49

Statistical Analysis
Demographic, radiologic, surgical, and biomechanical data were
analyzed using descriptive statistics, performed using both Excel
(Microsoft Corporation, Redmond, Washington, USA) and R (R
Foundation for Statistical Computing, Vienna, Austria).52,53 Baseline
and postoperative data were compared with the t test, using P > 0.
05 and a confidence interval of 95% as statistically significant.

RESULTS

Biometric Studies of the Specimens
Only specimens with nonspinal diseases were included in this
study. There were 6 men and 6 women, with a mean age of 65.08
www.journals.elsevier.com/world-neurosurgery e91

www.journals.elsevier.com/world-neurosurgery


Table 1. Baseline L4 and L5 Specimen Parameter Statistics

L4 Vertebral
Body Height

L4 Vertebral
Body Width

L4 Vertebral
Body Depth

L4 Spinal
Canal

Diameter

L4-l5
Disc
Height

L5 Vertebral
Body Height

L5 Vertebral
Body Width

L5 Vertebral
Body Depth

L5 Spinal
Canal

Diameter

L5-S1
Disc
Height

N valid 12 12 12 12 12 12 12 12 12 12

Mean 25.40 46.35 35.15 29.11 13.47 21.40 52.25 34.23 36.00 11.70

Standard
deviation

1.23 3.05 2.15 8.65 2.27 2.47 4.21 1.99 2.10 2.37

Range 4.16 10.36 6.40 24.90 7.42 9.32 13.28 6.57 7.27 7.06

Minimum 23.07 40.79 32.02 10.31 8.72 16.71 43.19 30.68 31.87 8.81

Maximum 27.23 51.15 38.42 35.21 16.14 26.03 56.47 37.25 39.14 15.87

Values are in millimeters.
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years � 5.24 standard deviation (SD) (range, 57e73 years). The
mean height was 1.71 m � 0.76 SD (range, 1.59e1.82 m). The
mean body weight was 75.08 kg � 9.68 SD (range, 59e89 kg). The
mean body mass index (calculated as weight in kilograms divided
by the square of height in meters) was 25.36 � 1.87 SD (range,
22.66e27.53).
None of the 12 specimens showed signs of mineral decalcifi-

cation on the CT studies.
Table 1 shows the specimens’ L4 and L5 dimensions with their

statistical analysis. These data were within normal range and
comparable to those available in the literature.9,45,54

Baseline and postsurgical spinopelvic and LL values are shown
in Table 2. Postoperatively, the SS decreases from 35.77� � 4.82�

SD (range, 27.27�e41.37�) to 21.05� � 3.68� SD (range, 11.05�e
23.75�), the PT increases from 12.24� � 3.08� SD (range,
11.64�e5.89�) to 15.54� � 3.39� SD (range, 19.92�e9.25�), the PI
decreases from 51.70� � 2.06� SD (range, 48.17�e54.81�) to
35.59� � 4.51� SD (range, 29.66�e41.17�) and the LL increases
from 50.90� � 7.05� SD (range, 41.36�e60.35�) to 66.84� �
7.41� SD (range, 55.01�e76.74�). After S1 PSO, the PI shows the
greatest correction (16.11�), followed by LL (15.94�), SS (14.72�),
and PT (3.3�) (Table 2). The changes in postoperative LL are
difficult to evaluate because the studies were performed lying
and with no weight bearing. Nevertheless, the difference in our
Table 2. Baseline and Postsurgical Results of the Specimen’s Spinop

SS
Baseline

SS
Postoperative

PT
Baseline

PT
Postope

N valid 12 12 12 12

Mean 35.77 21.05 12.24 15.

Standard deviation 4.82 3.68 3.08 3.3

Range 14.10 12.70 11.64 10.

Minimum 27.27 11.05 5.89 9.2

Maximum 41.37 23.75 17.53 19.

Values are grades of angulation.

e92 www.SCIENCEDIRECT.com WORLD NE
specimens between the postoperative PI and LL are minimal
(0.17�).
Biomechanical Study Results
Stiffness showed a reduction, from 107.17 � 29.42 N/mm at
baseline to 57.94 � 11.87 N/mm postoperatively, with a normal-
ized stiffness reduction of 58.11 � 14.97 N/mm. Baseline data
show a wide variability, which is reduced postsurgically because
the behavior is dictated mainly by the fixation construct.
Figure 7 shows for the same specimen the baseline and

postsurgical force-displacement curves. On baseline conditions,
the specimens behaved linearly because their elastic region was
not trespassed. Postsurgically, the behavior was dictated mainly by
the performance of the fixation construct, which was lineal under
500-N loading conditions. The instrumented S1 PSO had a lower
strength than did the intact specimen, and consequently, other
possibilities had to be explored, such as adding an interbody cage
at the S1 osteotomy site, a crossbar, 2 iliac screws per side, and an
anteriorly inserted L5-S1 ALIF cage. All these measures improved
similarly the resistance of the fixation construct compared with
the S1 PSO model, but rigidity was still lower than in the intact
specimen.
elvic and Lumbar Lordosis Parameter Statistics

rative
PI

Baseline
PI

Postoperative
LL

Baseline
LL

Postoperative

12 12 12 12

54 51.70 35.59 50.90 66.84

9 2.06 4.51 7.05 7.41

67 6.64 11.51 18.99 21.73

5 48.17 29.66 41.36 55.01

92 54.81 41.17 60.35 76.74

UROSURGERY, https://doi.org/10.1016/j.wneu.2018.11.052
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Figure 7. Specimen baseline (intact specimen) and
postsurgical force-displacement curves with the S1

pedicle subtraction osteotomy (PSO) and with the

different fixation construct possibilities. ALIF, anterior
lumbar interbody fusion; PLIF, posterior lumbar
interbody fusion.
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Stress Calculations
The construct maximum and minimum stresses of the fusion on
applying 400 N can be seen in Table 3. Flexion forces are
calculated for the worst-case scenario, where 100 N is applied
on the head of the L4 and L5 screws and 200 N on the iliac screw
and rod. As shown in Figure 6, the iliac screw supports the
maximum stress forces, so a second iliac screw improves the
rigidity of the fixation construct (Figure 7). In addition, a cross-
connecting bar creates a whole unit with the fixation construct
from both sides, increasing the construct pull-out strength.
RESULTS FROM THE IMPLANT REDESIGN

The iliac tulip rod channel was redesigned because the angle
between the tulips of the L5 and iliac screws was 15�e25�, angu-
lating it 10� and adding to 2 small fins at one of its ends (Figure 8).
In addition, this tulip was lengthened 5 mm and 2 complementary
fin slots were added at both ends of the rod channel (Figure 9). A
Table 3. Stress Calculations of the Different Parts of the System

Length (m) Inertia (m4) (310L12) Flexion Fo

L4 screw 0.04 87.62 100

L5 screw 0.05 87.62 100

Iliac screw 0.07 155.32 200

Rod 0.1 63.62 200

WORLD NEUROSURGERY 123: e85-e102, MARCH 2019
semi-sphere was added to the locking cap contact surface to
improve its function (Figure 10).
FEA of the Redesigned Fixation Constructs
The fixation construct was simplified for this analysis. The upper
screw corresponds to L4, the middle to L5, and the lowest to the
iliac screw. No spring elements were introduced between the L4
and L5 screws to assess the model under the most unfavorable
situation. Physiologic loads were applied to the model including a
400-N compression. Each part of the 2 fixation constructs sup-
ported 200 N.
On the axial plane, the iliac screw tilted 45� outward from the L4

and L5 pedicle screws, whereas the L4 and L5 vertebrae were one
on top of another. On the sagittal plane, the iliac screw tilted 10�

away from the L4 and L5 screws. Table 4 shows the mesh
properties. The tips of the L4 and L5 screws received a 100-N
force from above, whereas the iliac screw tip and threaded
portion were established as a fixed support. This configuration
rce (N)
Flexor-Extensor Bending

Moment (N m) Maximum Stress (MPa)

4 456.52

5 570.65

14 780.69

2 314.44
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Figure 8. (Left) Three-dimensional view of the iliac tulip exterior. (Right) Three-dimensional view of the iliac tulip interior.
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complies with the F1717-15 regulation,49 which defines the
standard test methods for spinal implant constructs.
The FEA results are shown in Figures 11e14. Figure 11 shows

the total deformation. The predicted stresses are low, indicating
relatively small local stresses. Therefore, the complete fixation
construct is unlikely to fail with loads <400 N. The biggest
stresses occur at the meeting point between the iliac screw and
its tulip, but the deformations predicted by the model are still
within the acceptable range.
Figure 12 shows the equivalent elastic strain generated on the

model, the largest being 0.026 mm/mm and located at the
topmost portion of the fixation construct. Figure 13 shows that
Figure 9. (Left) Three-dimensional view of the iliac saddle exte
interior.
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the exact point of these strains was at the boundary between the
rod and the iliac tulip.
Figure 14 shows the equivalent von Mises stress predicted by the

ANSYS simulation. The biggest stresses predicted by this model
were 1.65 GPa, occurring in a small point instead of over a
larger area. The z1 and z2 areas received the largest strains, of
about 776 MPa, occurring in z1 at the boundary between the rod
and the iliac tulip. This is about the same value (780 MPa)
predicted in a previous section of our study.
Table 5 indicates the maximum stress values of different

components of the construct system. The maximum qualitative
values are greater than those predicted by the FEA, although
rior. (Right) Three-dimensional view of the iliac saddle
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Figure 10. (Left) Three-dimensional view of the iliac locking cap exterior. (Right) Three-dimensional view of the iliac
locking cap interior.
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this difference was not statistically significant. Therefore, the
model proposed for the stress calculations was correct even
although it was a simplification.
DISCUSSION

Baseline spinopelvic and LL parameters of our specimens are
comparable to those found in the literature,9,55 confirming that
they were within normal range.
Surgical correction of fixed spinal deformities, particularly those

involving sagittal imbalance, requires the use of spinal osteoto-
mies.31 This strategy entails risky operations aggravated by the fact
that most patients are elderly and with comorbidities.17,31,56 The
PSO is the most effective and widely used of these osteoto-
mies.36,57 It is usually performed at L3 or L4 because there is no
spinal cord at this level,31,58 and the more caudal it is performed,
the greater the correction.3,39 Our data show that the PSO at S1
allows the biggest sagittal balance correction with a single
osteotomy, helping to recover it not only by altering the LL but
also by adjusting the spinopelvic parameters. In our specimens,
the greatest parameter correction in S1 PSO corresponds to PI (16.
11�), followed by LL (15.94�), SS (14.72�), and PT (3.3�). This
finding confirms that change in pelvic parameters changes lumbar
spine parameters and thus the spinal deformity.
S1 PSO and SS
The S1 PSO induces a direct change in the SS at the base of the
spine, inducing a sagittal balance modification that has its
maximum effect with the same amount of bone resection.4,10 The
spine is moved backward to a more centered position.
S1 PSO and PI
The PI is related to the normal spine development59 and is the only
spinopelvic parameter that does not change throughout adult life
or by compensatory mechanisms.59 In our specimens, the S1 PSO
modified this parameter, decreasing it by 16.11� and increasing the
LL by 15.94�. These data confirm the relationship between PI and
LL, as suggested by other investigators.60,61 In a well-balanced
spine, it is estimated that PI ¼ LL < � 9�,11 LL ¼ PI þ 10�,26

or LL ¼ 0.54 � PI þ 27.6�.9 This finding applies to the baseline
status of the specimens in this study but not to the
postoperative status, confirming that S1 PSO changes the
spinopelvic parameters, whereas PSOs at higher levels do not.
WORLD NEUROSURGERY 123: e85-e102, MARCH 2019
S1 PSO and PT
PT measures the degree of pelvic retroversion. As its value
increases, so does the torque and thus the power needed by
muscles to maintain balance.62 Values >20� reflect an excessive
pelvic retroversion, attempting to correct the sagittal imbalance,
and correlate with a poor quality of life.44,62 In our specimens,
this parameter increased postoperatively by an average 3.3�, but
the final figure (15.54� � 3.39� SD; range, 19.92�e9.25�) remained
inside the safe zone.

S1 PSO and Fusion Construct Length
Long spine fusions eliminate some of the natural mechanisms to
recover the spinal balance, reducing the patient’s “cone of econ-
omy.”17 A more rigid spine may not necessarily correlate with a
better spinal balance.17 Some have suggested that moving the
PSO caudally would reduce the number of levels that need to be
fixed as well as the chance of instrumentation failure and
pseudoarthrosis.4 This study shows that S1 PSO leads to a better
correction of the sagittal balance with a shorter fusion. Five
different fixation constructs were also investigated to distinguish
any differences among them, finding that a bilateral
posterolateral L4-L5-iliac fusion with a polyetheretherketone
(PEEK) cage and a crossbar provides satisfactory rigidity. A
double iliac screw per side also increases stability but further
additions to the fixation construct do not significantly improve
the results. S2 alar-iliac (S2AI) screws could be an interesting
alternative to iliac screws but were not explored in this study.

Implant Failure in PSO
PSO implant failure affects 22% of cases,63 with an incidence higher
at L4 than at L3.

43,64,65 No conclusions can be drawn at L5 because
only 10 PSO cases have been reported.39 The risk of PSO implant
failure can be reduced by inserting interbody cages at the
PSO,66,67 using cobalt-chrome39,57,64 instead of stainless steel or
titanium implants43,63 or inserting a double rod.39,43,64,68-71 Tita-
nium has the advantage that it is compatible with postoperative
magnetic resonance imaging and the disadvantages of micro-
fracture propagation and being notch-sensitive after intraoperative
contouring.72 The rod diameter is also important because 6-mm
rods are stronger and fail less often, particularly if they are made
out of cobalt-chrome.43,71 Rod fracture has been estimated to affect
6.9% of lumbar PSOs.15,63 In this study, titanium implants were
used to increase the feasibility of postoperative imaging studies and
because the long-term durability of these fixation constructs was
not relevant, because no long-term biomechanical studies were to
www.journals.elsevier.com/world-neurosurgery e95
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Table 4. Mesh Properties

Object Name Mesh

State Solved

Defaults

Physics preference Mechanical

Relevance 0

Sizing

Use advanced size function On: proximity and curvature

Relevance center Medium

Initial size seed Active assembly

Smoothing Medium

Transition Fast

Span angle center Medium

Curvature normal angle Default (45.0�)

Proximity accuracy 0.5

Num cells across gap Default (3)

Minimum size Default (3.5394e�002 mm)

Proximity minimum size Default (3.5394e�002 mm)

Maximum face size Default (3.53940 mm)

Maximum size Default (7.07890 mm)

Growth rate Default (1.850)

Minimum edge length 3.1416e�004 mm

Inflation

Use automatic inflation None

Inflation option Smooth transition

Transition ratio 0.272

Maximum layers 5

Growth rate 1.2

Inflation algorithm Pre

View advanced options No

Patch conforming options

Triangle surface mesher Program controlled

Advanced

Shape checking Standard mechanical

Element midside nodes Program controlled

Straight-sided elements No

Number of retries 0

Extra retries for assembly Yes

Rigid body behavior Dimensionally reduced

Mesh morphing Disabled

Defeaturing

Pinch tolerance Default (3.1855e�002 mm)

Continues

Table 4. Continued

Object Name Mesh

Generate pinch on refresh No

Automatic mesh-based defeaturing On

Defeaturing tolerance Default (1.7697e-002 mm)

Statistics

Nodes 1,853,430

Elements 1,187,904

Mesh metric None
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be performed. Further studies are required to confirm which ma-
terials or number of rods can reduce implant failure rate with S1
PSO.
S1 PSO and Fusion Construct Stiffness
In this study, the average postoperative S1 PSO stiffness
decreased 56.4 N/mm below the baseline, which was corrected
using an L5-S1 interbody PEEK cage (as recommended in PSO at
higher levels),57,66,67,73 a second iliac screw on either side,74 and
a cross-connecting bar.15,71,75-77 The L5-S1 PEEK cage reduces the
rod stress by 15%68 and the chance of
pseudoarthrosis.15,66,69,75,78 The ALIF cage had the maximum
effectivity26,75,79 but in real life, it would involve a second sur-
gical approach, reducing its applicability in clinical practice.
Nevertheless, the interbody cage acts by maintaining the disc
height although its contribution to spine stability after osteot-
omy is limited.75 Its main effect is to prevent the anterior
Figure 11. Boundary conditions applied onto the model.
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Figure 12. (Top) Total deformation in the construct. (Bottom) Close-up total deformation of the z1 and z2 areas of the
fixation construct.
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collapse of the construct, because this increases significantly the
forces that the posterior fixation equipment has to stand.75 The
S2AI provides 14 N m/degree of additional improvement in
spinopelvic fixation46 and it is as strong as the iliac screw but
without the dangers of increased tissue handling and
prominence with risk of skin ulceration.46,77 In any case, the
use of this S2AI was not attempted in this study. Two rods per
side reduced the stress of the primary rod by 51%68 but rigid
WORLD NEUROSURGERY 123: e85-e102, MARCH 2019
fixation constructs are not desirable because the load at the
osteotomy site is necessary to induce new bone creation with
callus formation.43 The most frequent place for rod fracture is
at the point of maximum bending,63,75,80 particularly with the
titanium rods and less with the cobalt-chrome rods.43,68 Thus,
the use of precontoured rods has been strongly recom-
mended.43,64 With the addition of a second rod per side, it is
recommended to place it as posteriorly as possible, because this
www.journals.elsevier.com/world-neurosurgery e97

www.journals.elsevier.com/world-neurosurgery


Figure 13. (Top) Equivalent elastic strain in the
construct. (Bottom) Close-up equivalent elastic strain

deformation of the z1 and z2 areas of the fixation
construct.
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increases the resistance of the fixation construct.43 More
research might be directed toward this possibility in future
studies. The S1 PSO with a bilateral posterolateral L4-L5-iliac
fusion with a PEEK cage and a crossbar is strong enough in
the acute biomechanical test and further additions (dual iliac
screw and ALIF cage) are not needed, as shown in this study.
e98 www.SCIENCEDIRECT.com WORLD NE
S1 PSO and PJK
PJK is a complication associated with long instrumentation con-
structs,2,14 with an incidence proportional to the length of the
fusion.17,41 It is frequent with PSO at L3

81 or L4,
82 making it

advisable to search for shorter fixation constructs capable of
maintaining the spinal deformity correction.31 Minimally invasive
UROSURGERY, https://doi.org/10.1016/j.wneu.2018.11.052

www.sciencedirect.com/science/journal/18788750
https://doi.org/10.1016/j.wneu.2018.11.052


Figure 14. (Top) Equivalent (von Mises) stress in the construct. (Bottom) Close-up equivalent (von Mises) stress of the
z1 and z2 areas of the fixation construct.
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approaches have been introduced to reduce the length of the
fixation constructs,33,42 but the deformity correction is limited and
the reoperation rate is high.35,42,83 It has been reported that a 2-level
fixation above and below a PSO with an interbody cage provides
enough rigidity to the fixation construct.64 In this way, the S1 PSO
short fixation construct should reduce the incidence of PJK, but
there are no long-term biomechanical data. Another consideration
WORLD NEUROSURGERY 123: e85-e102, MARCH 2019
to avoid this complication is that the rods should not extend past
the tulips at the upper fused level.39

S1 PSO and Redesign Iliac Screw Tulip
The existing fixation constructs are difficult to mount in the S1
PSO, because the L5 pedicle and iliac screws lie closer together
than in PSO at higher spinal levels. After thorough revision of
www.journals.elsevier.com/world-neurosurgery e99
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Table 5. Maximum Stress Values of the Different Fusion
Construct Components

Maximum Qualitative
Stress (MPa)

Maximum Finite
Element Analysis
Stress (MPa)

L4 screw 456.52 453.18

L5 screw 570.65 575.63

Iliac screw 780.69 776.02

Rod 314.44 325.66
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the available fixation systems, we selected the Zodiac
DegenerativeeSpinal Fixation System (Alphatech Spine,
Carlsbad, California, USA). The iliac screw tulip and its
subcomponents (saddle and locking cap) were redesigned to
reduce the drawbacks derived from the fact that on closing the S1
PSO, the L5 and iliac screws collided with each other. Its rod
channel was angulated 10�, and a semi-sphere to the locking cap
contact surface and 2 fins at its saddle were added. According to
our FEA studies, this redesigned tulip should tolerate loads up to
400 N, show excellent biomechanical properties, and adapt to
the specific S1 PSO requirements. It has not been clinically tested
yet but our data strongly suggest that it would adapt to its
intended use.

Limitations
Limitations of this study are that it included cadaveric spine
specimens devoid of muscles, that the number of specimens was
limited, and that it involved only acute biomechanical tests but
no long-term studies. Only the lumbar area was analyzed but not
the whole spine, so the sagittal balance could not be assessed. To
achieve this goal, CT studies of the whole spine should be taken,
or at least from C7 or T1 down to the pelvis. This strategy was
impractical and would interfere with biomechanical studies. The
loads applied to the spinal specimens devoid of live muscle
support are a crude approximation to real life. In addition, the
fixation of the caudal side of the specimens in a plastic cement
construct model might be stiffer than the natural situation in a
e100 www.SCIENCEDIRECT.com WORLD NE
live human being, and the possible compensation induced by hip
and knee flexion was not evaluated. There are no data indicating
how much the alternating freezing and thawing of the specimens
could have affected their biomechanical properties. This study
considered 5 methods of spinopelvic fixation for S1 PSO, but
perhaps other options, such as S2AI or a double rod, might be
even better.
The strength of this study is that each specimen serves as its

own control.
CONCLUSIONS

PSO at S1 is feasible, with a greater degree of correction compared
with the same technique at higher levels.
S1 PSO requires a specifically designed fixation construct, which

is not available in the market.
The following innovations of the iliac screw tulip are proposed:

1) Angulation of its rod channel by 10�

2) Addition of a semi-sphere to its locking screw contact surface

3) Addition of 2 fins to its saddle at the contact site with the rod.

This new fixation construct model has better biomechanical
properties than the commercially available models when used for
S1 PSO and avoids collision between the L5 and iliac screw tulips.
The force calculations and FEA analysis values validate our results.
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