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Abstract

Purpose This study aimed to implement laterally placed triangular titanium implants as a technique of sacropelvic fixation
in long posterior lumbar instrumentation and to characterize the effects of iliac screws, S2 alar-iliac screws and of triangular
implants on rod and S1 pedicle screw stresses.

Methods Four female models of the lumbopelvic spine were created. For each of them, five finite element models replicat-
ing the following configurations were generated: intact, posterior fixation with pedicle screws to S1 (PED), with PED and
iliac screws (IL), with PED and S2 alar-iliac (S2AI) screws, and with PED and bilateral triangular titanium implants (SI).
Simulations were conducted in compression, flexion—extension, lateral bending and axial rotation. Rod stresses in the L5-S1
segment as well as in the S1 pedicle screws were compared.

Results One anatomical model was not simulated due to dysmorphia of the sacroiliac joints. PED resulted in the highest
implant stresses. Values up to 337 MPa in lateral bending were noted, which were more than double than the other configu-
rations. When compared with IL, S2AI and SI resulted in lower stresses in both screws and rods (on average 33% and 41%
for S2AI and 17% and 50% for SI).

Conclusions Implant stresses after S2AI and SI fixations were lower than those attributable to IL. Therefore, pedicle screws
and rods may have a lower risk of mechanical failure when coupled with sacropelvic fixation via S2AI or triangular titanium
implants, although the risk of clinical loosening remains an area of further investigation.
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Key Points Take Home Messages

In lumbosacropelvic fixation constructs, pedicle screws and rods may
have a lower risk of mechanical failure when combined with S2 alar-
iliac screws or triangular titanium implants with respect to iliac
screws.

. Sacropelvic fixation reduces the stresses in S1 pedicle screws.

©

. Sacropelvic fixation via triangular titanium implants and S2 alar-
iliac screws result in lower stresses than fixation using iliac screws.

w

. The stabilizing effect of S2 alar-iliac screws and triangular titanium
implants may reduce the risk of mechanical failure of S1 pedicle

screws.
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Introduction

In select cases of complex spinal deformity correction,
sacropelvic fixation is necessary to provide stability to
the posterior lumbosacral construct, especially when the
L5-S1 level is instrumented [1]. Indeed, poor sacral bone
quality and high loads acting at the lumbosacral segment
favor screw loosening and implant failure and increase the
risk of developing pseudoarthrosis at L5-S1 [2-5]. Modern
techniques commonly used in sacropelvic fixation are iliac
screws and S2 alar-iliac screws [2]. Several in vitro studies
have demonstrated a similar improvement in the construct
stability and a decrease in the strain in S1 pedicle screws,
which are the most susceptible to failure and loosening
[6-8].

Clinical studies reported marked differences between the
outcomes of sacropelvic fixation with either iliac or S2 alar-
iliac screws. Although follow-up studies reported a decrease
in the rate of L5-S1 pseudoarthrosis from 9 to 3% of cases
due to iliac screws fixation [9, 10], it was found that 20% of
patients had unsuccessful outcomes due to the pain caused
by prominent hardware, loosening of iliac or S1 pedicle
screws, or mechanical failure of the connectors [2]. Moreo-
ver, the infection rates reported for long fixations in adult
deformity surgeries have been associated, at least to some
extent, to the additional surgical exposure required for pel-
vic fixation with iliac screws [2]. Compared to iliac screws,
S2 alar-iliac screws have several advantages. First, the
medial position allows linkage to the rods without the need
for additional connectors [2]. Second, the insertion points,
located more anteriorly to the lumbosacral pivot point, may
improve the stability of the construct [11-13]. Third, the
deep insertion point avoids the generation of the postopera-
tive hardware pain commonly caused by iliac screws [2].
On the downside, although it was demonstrated that S2 alar-
iliac screws can be safely implanted with a proper free-hand
technique [14], their trajectory is close to various important
neurological and vascular structures, with potential risk of
perioperative complications [15]. Furthermore, they may
cause increased sacroiliac pain over time [14].

Currently, the iFuse Implant System (SI-BONE Inc.,
Santa Clara, CA) is used to stabilize the sacroiliac joint (S1J)
in cases of sacroiliac joint disruption and degenerative sacro-
iliitis, through a minimally invasive procedure [16—18]. This
technique, which involves laterally placing three triangular
titanium implants across the SIJ, has several advantages such
as less blood loss, lower surgical time and hospital stay, and
more successful outcomes than traditional open surgical
techniques to treat degenerative sacroiliitis and SIJ pain [16].

The iFuse Implant System consists of cannulated triangular
implants made of a titanium alloy (Ti6Al4 V) with a porous
surface aimed at facilitating osteointegration; the implant
surface and shape are designed to minimize the motion of
the SIJ. These implants have also been used on patients with
symptomatic SIJ degeneration secondary to long posterior
fusion with good clinical outcomes in a short and medium
follow-up period [19]. Finite element studies [20, 21] inves-
tigating the use of solid triangular titanium implants have
shown a decrease in the range of motion (ROM) of the SIJ
up to 70, 38 and 69% in flexion—extension (FL-EX), lateral
bending (LB) and axial rotation (AR), respectively.

This study sought to (1) implement triangular titanium
implants, a SI joint stabilization device, as a means of sacro-
pelvic fixation and (2) characterize and compare the effects
of the triangular titanium implants, iliac screws and S2AI
screws on the stresses in S1 pedicle screws and L5-S1 rods.

Materials and methods

Four female anatomical models of the lumbosacral spine
were generated using in-house software. The geometries of
the models were based on CT scans (Siemens SOMATOM
Definition AS, 0.77 mm X 0.77 mm X 2.00 mm resolution,
140 kV voltage, 480 mA) acquired at [.LR.C.C.S. Istituto
Ortopedico Galeazzi (Milan, Italy) and anonymized; writ-
ten informed consent for the use of the data for research
purposes was previously obtained. Linear tetrahedral meshes
were generated, and a convergence study with meshes of
three different element dimensions was performed; the con-
vergence analysis was based on the range of motion (ROM)
of the S1J, and a difference of less than 5% between the
meshes was considered acceptable. The final models con-
tained between 572,698-828,572 and 126,593-157,281
nodes and elements, respectively. The models included a
portion of the L4 vertebra visible in the CT scan, L5, sacrum
and pelvis. Anatomical measurements were taken to inves-
tigate the differences among the four patients: we measured
the maximum S1 vertebral body length (SI1L) and width
(S1 W), the maximum sacrum length and width (SL and
SW), the sacrum height (SH) as the distance between the
center of the S1 endplate (S) and the inferior extremity of the
coccyx, and the distance between the S and the center of the
acetabulum (CS) (Fig. 1). The pelvisacral incidence (PSI)
was measured as the angle identified by the line adjacent
to S1 endplate and the projection of the CS segment in the
sagittal plane (Fig. 1) [22].
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Fig. 1 Schematic representation
of the anatomical measure-
ments. SIL is S1 length, ST W
is S1 width, SL is sacrum
length, SW is sacrum width, SH
is sacrum height, PSI is pelvisa-
cral incidence, CS

Bone was modeled as a linear elastic material with a
Poisson ratio, v, of 0.3 and a Young’s modulus, E, ranging
between 0.2 and 18 GPa based on the gray value [23]. The
pelvic ligament bundles were modeled as nonlinear spring
elements with stiffness properties taken from the literature
(Table 1) [24-26]. Intervertebral disks were simply modeled
with solid elements having a Young’s modulus of 6 MPa and
Poisson’s ratio of 0.45 [27].

For each of the four patients, five configurations were
generated: (1) intact, (2) treated with L4-S1 pedicle screws
(PED), (3) treated with L4-S1 pedicle screws and iliac
screws (IL), (4) treated with L4-S1 pedicle screws and bilat-
eral alar-iliac screws in S2 (S2AI) and (5) treated with L4-S1
pedicle screws and bilateral 7.0 mm triangular titanium SI
joint implants (SI) following a trans-articular technique [28]
(Fig. 2). In total, twenty finite element models were cre-
ated. Rods and screws were modeled as beam elements with
circular cross sections (diameter of 6 mm). Screw shafts
were modeled with realistic three-dimensional geometries,
whereas screw heads were modeled by means of beam

elements and kinematic couplings. The pedicle screws had a
diameter of 6.5 mm and a length of 40 mm, the S2AI screws
a diameter of 6.5 mm and a length of 65 mm and the iliac
screws had a diameter of 7.5 mm and a length of 75 mm.
Titanium (E=110 GPa, v=0.3) material properties were
assigned to all implants. The implants were kinematically
coupled to bone using the embedded element technique [29],
thus assuming the absence of any micromotions.

The intact models were validated by comparing the rota-
tions of the left and right SIJ to in vitro results taken from
the literature [30]. Both in vitro tests and numerical simula-
tions were conducted in single-leg stance (i.e., the acetabu-
lum was constrained in all degrees of freedom), and 7.5 Nm
was applied to the cranial vertebra in FL-EX, right and left
AR, and right and left LB. The ranges of motion (ROM) of
the SIJs were calculated as the relative rotation between the
sacrum and each ilium.

Following the validations, the treated configurations
(IL, S2AT and SI) were investigated and compared to the
intact and PED cases. The models were constrained in all

Table 1 Material properties of

- Ligament Stiffness (N/mm) Number of elements References
the ligaments
Anterior longitudinal 700 3/vertebral body [24, 25]
Anterior superior iliac 700 10 (x2) [24, 25]
Posterior short sacroiliac 400 10 (x2) [24, 25]
Posterior long sacroiliac 1000 4(x2) [24, 25]
Pubic 500 10 [26]
Tliolumbar 1000 4(x2) [26]
Interosseous 2800 4(x2) [24, 25]
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Fig.2 Lumbosacral configura-
tions investigated: (1) intact,

(2) pedicle screws to S1 (PED),
(3) pedicle screws to S1+iliac
screws (IL), (4) pedicle screws
to S1+S2AI screws (S2AI), and
(5) pedicle screws to S1 + trian-
gular titanium implants (SI)

degrees of freedom at the acetabulum simulating right and
left single-leg stance with a 500 N compressive follower
load. A 7.5 Nm moment was applied in all motion planes.

The maximum von Mises stresses in the pedicle screws
in S1 and in the rods were calculated to estimate which
configuration was subjected to the highest risk of failure.
For the S1 pedicle screws, the stresses were calculated
in the threaded portion, thus excluding the screw heads,
whereas in the rods the stresses were calculated for the
L5-S1 segment. Since the acetabulum was constrained
on one side only, stress values were reported for both the
ipsilateral side (IPSI, i.e., rotation on the same side of the
constrained acetabulum) and the contralateral side (CON-
TRA, i.e., on the opposite side). Stresses were reported as
median values.

Results

Anatomical reconstruction of the lumbopelvic
models

A qualitative comparison of the four models showed the
large interindividual difference and variability of the sac-
ropelvic joint documented in the literature [31]. A strong
dysmorphic anatomy at the SIJ level was found in Patient
3 (Fig. 3), although the geometrical measurements were in
the range defined by the other specimens (Table 2). By the
quantitative analysis, the largest differences were found in
the PSI of Patient 4 and in the SH of Patient 2 (Table 2).

(5)

Validation of the intact model

The range of motion of L5-S1 and of the left and right SIJ
were in a good agreement with in vitro measurements [8,
30, 32] (Fig. 4). A large asymmetry in stress data was found
in Patient 3 that resulted in outliers during single-leg load-
ing condition, likely due to the strong dysmorphic anatomy
at the S1J level. For this reason, we decided to exclude this
patient from the analysis.

Effect of the fixation techniques

In general, all pelvic fixation techniques demonstrated
reduced stresses in the S1 pedicle screws with respect to the
PED configuration (Table 3). In lateral bending, the absence
of pelvic fixation generated stresses up to double those of the
other configurations. Among the models including sacropel-
vic fixation, the highest von Mises stresses in the S1 pedicle
screws were found for the IL configuration, followed by SI
and S2AI (Table 3). The highest median value was observed
in the iliac screw models during flexion (190 MPa), whereas
the S2AI and SI models resulted in von Mises median values
lower than 160 MPa in any loading condition.

Relative to PED, none of the pelvic fixation techniques
had a marked protective effect on the rods in L5-S1. The
highest von Mises values were found for IL, with values
up to double those of PED. The SI technique was the only
configuration that produced rod stresses that were consist-
ently lower than the PED stresses across all motions on the
constrained side. In PED, S2AI and SI, von Mises maxi-
mum median values were lower than 50 MPa (Table 4). The
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Fig.3 Reconstructions of the
sacropelvic joint of the four
female patients involved in the
current study. The reconstruc-
tion of Patient 3 shows a visible
dysmorphia (boxed area) at

the SIJ level and at the pubic
symphysis (arrow)

Table 2 Anatomical measurements of the four models

P1 P2 P3 P4

Pelvic sacral incidence (PSI) (deg) 47 56 53 70

Center sacrum to center acetabulum 127 138 140 124
(CS) (mm)

Sacral width (mm) 55 41 37 39

Sacral length (mm) 106 110 96 111

S1 length (mm) 44 45 45 50

S1 width (mm) 25 25 24 24

Sacrum height (SH) (mm) 123 167 117 110

highest stresses were in general generated during AR and
LB (Table 4).

Discussion

Four finite element models of female patients were gener-
ated and validated based on the flexibility of the SIJ [30].
The anatomical reconstruction of the four models shows that
Patient 3 had a visible dysmorphia at the SIJ level; because
outliers were detected among the von Mises stresses and
ROM for the simulations conducted in single-leg stance
for this patient, we decided to exclude it from the analysis.
However, the anatomical differences among the models sup-
port the importance of studying the biomechanics of the SIJ
using multiple patient-specific models, instead of one.

@ Springer

Patient 1

Patient 2

This study compared the biomechanical effect of differ-
ent sacropelvic fixation techniques in terms of von Mises
stresses generated in the implants, including a minimally
invasive configuration using triangular implants. Nowa-
days, it is well known that sacropelvic fixation increases
the robustness of the construct, with iliac screws and S2
alar-iliac screws being the surgical gold standards. This
study revealed that sacropelvic fixation strongly reduces the
stresses in S1 pedicle screws but does not have a protective
effect on the posterior rods. These findings generally agree
with those reported by Hlubek et al. [33], who measured
the strain in sacral screws in vitro with and without pelvic
fixation with IL, as well with supplementary interbody sta-
bilization at L5-S1. The authors demonstrated that IL fixa-
tion was able to significantly reduce the strains in the sacral
screws, but increased the strain in the rods at the lumbosa-
cral junction. In addition, we found that fixation by either
SI or S2AI similarly reduced von Mises stresses in the S1
pedicles screws and had an equivalent effect on the rods,
with clearly better results when compared to iliac screws.

The peak values of von Mises stress in the S1 pedicle
screws were in the range found by La Barbera et al. [34, 35]
using an ISO model under daily life conditions and lower
than the values found using the standard defined in ISO
12189 and ASTM F1717 [36], which replicated a worst case
scenario. The peak von Mises stresses in the rods were lower
than those in the screws for each configuration. In agree-
ment with La Barbera et al. [34], this result indicates that the
pedicle screws are subjected to a higher risk of mechanical
failure than the rods. This finding supports previous data
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Fig. 4 Median values and 14 4
minimum-maximum ranges

of L5-S1 and of the SIJ for the

intact finite element models 12 4
compared with average and

standard deviation of the

in vitro results (in vitro results 10
adapted from [8] and [30],
respectively). The models and
the specimens were constrained
in single-leg stance, and 7.5
Nm pure moments in all direc-
tions were applied (left/right
FE =left/right constrained S1J
flexion extension, left/right

LB =left/right constrained
lateral bending, left/right

AR =left/right constrained axial
rotation). L5-S1 in vitro results 2
were obtained in double-leg
stance boundary conditions

o]

)]

7

ROM (deg)

»
Y

R
B R e R

I R

R ———"=

AMAMMhnHaS.

Left FE Left LB Left AR Right FE Right LB Right AR
L5S1 L5S1 invitro ESIJ ESWU in vitro

Table 3 Median values and minimum-maximum range of the maximum von Mises stress (MPa) in pedicle screws in S1

FL EX AR (IPST) AR (CONTRA) LB (IPST) LB (CONTRA)
Screw on the constrained side of the model
PED 213 (84-446) 346 (104-562) 236 (166-685) 149 (98-404) 239 (174-535) 337 (156-476)
L 190 (134—419) 173 (102—475) 178 (110-315) 121 (55-500) 166 (84-350) 121 (77-410)
S2AT 95 (86-119) 80 (71-125) 119 (108-178) 68 (37-339) 109 (92-206) 120 (65-179)
ST 138 (99-335) 135 (80-182) 111 (61-171) 98 (74-157) 148 (99-236) 110 (64-247)
Screw on the unconstrained side of the model
PED 226 (150-563) 156 (85-344) 128 (105-332) 236 (166-582) 336 (156-476) 238 (174-535)
L 163 (45-381) 173 (102-475) 121 (55-500) 178 (110-315) 120 (77—410) 165 (84-350)
S2AI 94 (56-126) 109 (69-179) 67 (37-339) 119 (108-178) 119 (65-179) 124 (92-206)
SI 156 (55-350) 127 (65-163) 90 (64-162) 95 (61-159) 109 (64-247) 148 (99-236)
Table 4 Median values and FL EX AR (IPSI) AR (CONTRA) LB (IPSI) LB (CONTRA)
minimum-maximum ranges of
the maximum von Mises stress Rod on the constrained side of the model
in rods PED 24 (14-52)  34(10-52) 31 (17-60) 43 (23-76) 38 (10-68) 29 (19-64)
IL 67 (28-110) 53 (18-64) 74 (29-100) 74 (40-95) 72 (30-97) 47 (23-79)
S2A1 22 (13-40) 26 (10-50) 44 (18-89) 33 (23-75) 48 (24-68) 28 (15-45)
SI 16 (10-44) 20 (12-61) 30 (19-37) 38 (22-69) 30 (12-78) 29 (10-43)
Rod on the unconstrained side of the model
PED  26(12-54)  16(2-29)  25(20-50) 38 (15-51) 38 (12-63) 32 (17-46)
IL 54 (16-94) 38 (18-73) 59 (29-122) 44 (28-84) 72 (25-99) 64 (18-84)
S2A1 17 (9-45) 28 (10-56) 48 (19-69) 40 (18-59) 20 (7-100) 39 (23-63)
SI 14 (10-43) 21 (10-27)  35(21-52) 30 (20-84) 31 (10-99) 28 (10-52)
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by Pihlajamaki et al. and Chen et al. [37, 38] who stud-
ied patients with lumbosacral fixation due to non-traumatic
disorders; they reported a lower failure rate in rods than in
pedicle screws with the highest rates of screw failure located
in the sacrum. However, clinical studies reporting a high rate
of rod failure also exist [39].

In this study, the maximum values of stresses generated
in the pedicle screws were found in PED configuration,
supporting the idea that concomitant pelvic fixation can
effectively reduce the S1 pedicle stresses at the lumbosacral
level. A similar outcome was found by Sutterlin III and col-
leagues, which found that S2AI screws reduced the strains
in the S1 pedicle screws and in the rods when compared
with constructs ending in S1 [8]. Von Mises stresses in S1
pedicle screws were higher after sacroiliac fixation with SI
with respect to S2AI, but both techniques resulted in lower
stresses when compared with fixation using iliac screws. In
the rods, von Mises stresses were found to be the highest in
the IL configuration, which may be a result of a posterior
load shift. In contrast, S2AI and SI fixation do not have an
evident effect on the rod stresses. In summary, S2Al resulted
in the lowest risk of S1 pedicle screw failure, whereas the IL
configuration seemed to provide no biomechanical advan-
tage in comparison with the other techniques.

This study has some limitations. A simplified loading
scenario replicating a single-leg stance in combination
with pure moments was employed, whereas complex loads
and motions due to the body weight and muscles were not
modeled. However, the boundary conditions used were
demonstrated to be the worst case scenario for the sacro-
pelvic instrumentation [40] due to the mobility of the pubic
symphysis, which moves only marginally when both ilia
are constrained, and thus constitute a valuable loading and
constraint setting for a comparison between the different
techniques. Regarding the fixation techniques, a common
solution adopted to increase the stability of the construct
and to reduce the stresses on the implants is the insertion
of an anterior fixation that has not been investigated in
this study. Moreover, only one size for each type of screw
was used, as opposed to a range of lengths and diameters,
which was selected based on the suggestion of the surgeon
investigators.

Another limitation of this study is the lack of S2AI and IL
experimental data against which to validate our numerical
results; however, we validated the models using ROM data
in the intact condition, and the stresses we found in the S1
pedicle screws and rods were in agreement with the litera-
ture [8, 30, 41, 42]. Furthermore, we assumed a complete
osteointegration of the implants by using the embedded ele-
ment technique, thus neglecting any effect of possible micro-
motions at the bone—implant interface, which may increase
the ROM of the SIJs and alter the implant and rod stresses.
Nevertheless, this modeling choice provided for a direct

@ Springer

comparison between the different surgical techniques to
investigate the maximum stresses generated in the implants
and rods. It should be noted that triangular titanium implants
may partly overcome the risk of micromotions and loosening
due to the triangular implant shape, spatial disposition along
three different planes, and bony ingrowth; further investiga-
tion is being performed to better elucidate this issue.

Conclusion

In the current study, a biomechanical comparison between
different sacropelvic fixation techniques was performed in
terms of stresses in the S1 pedicle screws and in the rods
at the L5-S1 level. The study demonstrated that sacropel-
vic fixation reduces the stresses in the pedicle screws when
compared to fixation with pedicle screws only, but none had
a protective effect on the rods. Stresses in S1 pedicle screws
and rods with S2AI and SI were lower than after fixation
with IL, possibly reducing the risk of mechanical failure
although the risk of clinical loosening remains an area of
further investigation.
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