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ABSTRACT
Background:  Sacropelvic fixation is frequently combined with thoracolumbar instrumentation for correcting spinal 

deformities. This study aimed to characterize sacropelvic fixation techniques using novel porous fusion/fixation implants (PFFI).
Methods:  Three T10-pelvis finite element models were created: (1) pedicle screws and rods in T10-S1, PFFI bilaterally in 

S2 alar-iliac (S2AI) trajectory; (2) fixation in T10-S1, PFFI bilaterally in S2AI trajectory, triangular implants bilaterally above 
the PFFI in a sacro-alar-iliac trajectory (PFFI-IFSAI); and (3) fixation in T10-S1, PFFI bilaterally in S2AI trajectory, PFFI in 
sacro-alar-iliac trajectory stacked cephalad to those in S2AI position (2-PFFI). Models were loaded with pure moments of 7.5 
Nm in flexion-extension, lateral bending, and axial rotation. Outputs were compared against 2 baseline models: (1) pedicle 
screws and rods in T10-S1 (PED), and (2) pedicle screws and rods in T10-S1, and S2AI screws.

Results:  PFFI and S2AI resulted in similar L5-S1 motion; adding another PFFI per side (2-PFFI) further reduced this 
motion. Sacroiliac joint (SIJ) motion was also similar between PFFI and S2AI; PFFI-IFSAI and 2-PFFI demonstrated a further 
reduction in SIJ motion. Additionally, PFFI reduced max stresses on S1 pedicle screws and on implants in the S2AI position.

Conclusion:  The study shows that supplementing a long construct with PFFI increases the stability of the L5-S1 and SIJ 
and reduces stresses on the S1 pedicle screws and implants in the S2AI position.

Clinical Relevance:  The findings suggest a reduced risk of pseudarthrosis at L5-S1 and screw breakage. Clinical studies 
may be performed to demonstrate applicability to patient outcomes.

Level of Evidence:  Not applicable (basic science study).

Biomechanics

Keywords: sacropelvic fixation, porous fusion/fixation implants, triangular implants, S2 alar-iliac screws

INTRODUCTION

Sacropelvic fixation is usually combined with long tho-
racolumbar fixation in adult deformity surgery in order to 
provide biomechanical support to the base of the constructs 
with the aim of reducing complications such as pseudar-
throsis of the L5-S1 joint and implant failure or loosening. 
Among the various methods of spinopelvic fixation used 
clinically, iliac (IL) and S2 alar-iliac (S2AI) screws are the 
most commonly implemented methods.1–8 In use since the 
early 2000 and 2010, respectively, IL and S2AI screws 
have been investigated in various studies.4,6,9,10

Despite the biomechanical support provided by these 
methods, many patients undergoing surgery for adult spinal 
deformity can still suffer from negative outcomes.11,12 For 
example, in one clinical study,13 lumbopelvic fixation with 
IL screws in patients with adult spinal deformity resulted 
in an overall failure rate of 34%. In another clinical study in 

which 312 S2AI screws in 156 patients were evaluated, a 
total of 10 patients (3%) experienced sacroiliac joint (SIJ) 
pain after S2AI screw implantation; 7 screws (2%) showed 
partial periscrew lucency; set screw dislodgement occurred 
in 7 S2AI screws (2%); and screw fracture occurred in 6 
screws (2%).14 In a direct comparison of S2AI and IL, 
a meta-analysis of 5 studies involving 323 patients (176 
S2AI patients and 147 IL patients)15 indicated an overall 
revision rate of 20% (66/323) due to mechanical failure or 
wound complications. Mechanical breakage of S2AI and 
IL screws occurred in 14% and 28%, respectively, of the 
total revision cases;15 a significantly lower rate of revision 
surgery associated with S2AI screw fixation as compared 
with IL screw fixation was observed.

While pseudarthrosis and implant failure have been 
well documented, recent clinical studies involving multi-
level fixation have noted increases in SIJ pain.16–20 Given 
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this finding along with the negative outcomes described 
earlier, a possible alternative to existing spinopelvic fix-
ation methods may include placing additional implants 
with IL or S2AI screws. In a recent case study, Ladd 
and Polly included triangular implants adjacent to S2AI 
screws with the intention to augment the stability of the 
pelvic fixation.21 Furthermore, the authors of the current 
study have performed multiple biomechanics investiga-
tions that demonstrate that additional implants reduced 
screw stresses and increased stability of the SIJ.9,22–25 
These results suggested a lower risk for screw breakage 
and development of secondary SIJ pain, respectively, 
although the requirements for biomechanical stabilization 
when using a single or combination of fixation and fusion/
fixation devices are not yet fully understood.

Further advances in device technology has allowed for 
the development of implants that include both fusion char-
acteristics (bone ingrowth, ongrowth, and through-growth) 
and attachment to the lumbopelvic fixation. The current 
study characterized the use of a new porous fusion/fixation 
implant (PFFI; iFuse Bedrock Granite Implant System, SI-
BONE, Inc., Santa Clara, CA, USA) at the distal end of a 
long construct. The new implant combines the features of 
a fusion device and an SAI screw (eg, circular profile and 
connection to the rod). Finite element models of 3 config-
urations utilizing this implant were created and compared 
with spinopelvic fixation via standard S2AI fixation; the 
configurations’ effects on L5-S1 and SIJ ranges of motion 
and instrumentation stresses were evaluated.

MATERIALS AND METHODS

Finite Element Models and Interactions

A finite element model of T10-pelvis developed and 
described previously was employed.24 The model was 
based on radiological images for which informed consent 
for scientific and educational use was obtained in written 
form. Ethics approval was not required. A detailed descrip-
tion of meshes, element types, and material properties, as 
well as validation of the intact model, is reported else-
where.24

A new PFFI designed to enhance spinopelvic fixation 
was investigated in this study. Three different sacropelvic 
fixation configurations were built from the intact model: 
(1) posterior rods and pedicle screws in the thoracolum-
bar spine and S1, and PFFI inserted bilaterally in an S2AI 
trajectory; (2) posterior rods and pedicle screws in the 
thoracolumbar spine and S1, triangular titanium implants 
inserted bilaterally in an SAI trajectory, and PFFI inserted 
bilaterally in an S2AI trajectory (PFFI-IFSAI); (3) poste-
rior rods and pedicle screws in the thoracolumbar spine 

and S1, PFFI inserted bilaterally in an S2AI trajectory, 
and PFFI in an SAI trajectory stacked cephalad to those in 
the S2AI position (2-PFFI; Figure 1). Two configurations 
developed and described previously24 were used as base-
lines for comparison with the configurations described 
in the current study: (1) one configuration with posterior 
rods and pedicle screws in the thoracolumbar spine and 
S1 (PED) and (2) the other with posterior rods and pedicle 
screws in the thoracolumbar spine and S1, and bilateral 
S2AI screws (S2AI; Table 1, Figure 1).

In all configurations, instrumentation was modeled with 
representative dimensions. Specifically, pedicle screws 
had a length of 40 mm and a diameter of 6.5 mm; the pos-
terior rods were modeled, one per side, as beam elements 
with circular section and had a diameter of 5.5 mm; S2AI 
screws had a length of 85 mm and a diameter of 8.0 mm; 
the triangular titanium implants were not connected to the 
posterior rods and had a length of 50 to 70 mm and an 
inscribed circular diameter of 7 mm; the PFFI had a length 
of 85 mm and a diameter of 11.5 mm. The integral porous 
layer of PFF devices, having an approximate thickness of 
0.75 mm and porosity of 60%, was not explicitly modeled. 
All implants were modeled as having the material proper-
ties of titanium (elastic modulus of 110 GPa and Poisson’s 
ratio of 0.3).

The interaction between pedicle screws (from T10 to 
L5 vertebra) and thoracolumbar vertebrae consisted of 
embedded elements (0 relative displacements between the 
pedicle screws and bone). The interaction between pedicle 
screws in S1, S2AI screws, triangular titanium implants, 
and PFFI in the sacrum and ilium consisted of spring 
elements (simulating the micromovements between the 
implants and bone). Following the approach described in a 
previous study,24 2 sets of springs were employed to sim-
ulate the interaction for the implants connected to the rods 
(pedicle screws, S2AI screws, and PFFI): one directed 
along the main axis of the implant to simulate the pull-out 
resistance and one with springs connecting nodes on the 
implant surface with the closest nodes in the surrounding 
bone tissue to simulate the stiffness in the other directions. 
For the triangular implants that are not connected with the 
rods, only the latter set of springs was implemented. The 
stiffness of the springs was the same for all implants but 
different among the 2 sets; the 2 stiffness values were cal-
ibrated with respect to experimental tests (axial pull-out 
and torsion) conducted on synthetic bone.24 In order to 
take into account the differences in bone-implant interac-
tion stiffness among the various implants due to variable 
size and shape, the spring sets were adjusted so that the 
number of springs per unit area remained constant for all 
the modeled implants.
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Boundary Conditions and Interactions

All the instrumented models were used to simulate 
pure moments of 7.5 Nm in flexion, extension, left and 
right lateral bending, and left and right axial rotation. The 
moments were applied to the upper endplate of the T10 
vertebra through a set of rigid beam elements. Double leg 
stance was simulated by constraining all nodes belong-
ing to the bilateral acetabula of the finite element models. 
According to this, 6 simulations for each fixation configu-
ration were run, resulting in a total of 18 simulations.

Model Metrics

A quantitative comparison among the 3 instrumented 
models was performed relative to the fixation configu-
ration with only pedicle screws (PED) and with S2AI 
screws. The outputs analyzed in this comparison were 
as follows: (1) range of motion (ROM) of L5-S1 and SIJ 
with respect to PED; (2) the maximal von Mises stresses 
in S1 pedicle screws; (3) the maximal von Mises stresses 
in either the S2AI screws or in PFFI in an S2AI trajectory; 
(4) the maximal stresses in the posterior rods between the 
pedicle screws in L5 and S1 (ie, lumbosacral junction).

RESULTS

ROM, L5-S1, and SI Joints

Sacropelvic fixation decreased the relative ROM 
of L5-S1 and of the SIJ with respect to PED. A similar 
behavior among S2AI, PFFI, PFFI-IFSAI, and 2-PFFI 
was found for all 3 loading conditions (Table 2, Figure 2).

Figure 1.  The five configurations of the instrumentation in the sacropelvic region (left—posterior view of sacropelvis; right—lateral view of sacropelvis): (a) pedicle 
screw fixation (PED); (b) PED bilaterally supplemented with S2 alar-iliac (S2AI) screws; (c) PED bilaterally supplemented by a porous fusion/fixation implant (PFFI) 
in an S2AI trajectory; (d) PED bilaterally supplemented with a triangular titanium implant placed in a sacro-alar-iliac trajectory and by a PFFI in an S2AI trajectory 
(PFFI-IFSAI); (e) PED bilaterally supplemented by a PFFI placed in an S2AI trajectory and a second PFFI in an SAI trajectory stacked cephalad to that in the S2AI 
position (2-PFFI). Rods are not shown.

Table 1.  Study configurations (refer to Figure 1 for corresponding images).

Model Name Model Description

Pedicle screws Pedicle screws, T10 to S1
S2 alar-iliac PED + S2 AI screws
Porous fusion/fixation 

implant
PED + porous fusion/fixation implants

PFFI-IFSAI PED + porous fusion/fixation implants + 
triangular titanium implants

2-PFFI PED + stacked porous fusion/fixation implants
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At L5-S1, fixation with S2AI showed similar relative 
ROM as PFFI and PFFI-IFSAI, especially in flexion-
extension. In axial rotation, the relative ROM of L5-S1 
slightly decreased (<10%) for PFFI and PFFI-IFSAI with 
respect to S2AI. Adding another PFFI to PFFI (2-PFFI) 
further decreased the ROM for all 3 loading conditions 
(Figure 2).

At the SIJ, S2AI demonstrated a decrease in ROM 
(between 40% and 65%) with respect to PED; similar 
relative ROM values were noted for PFFI. With regard 
to S2AI, the largest decrease was found in axial rotation 
(65%). In this same loading condition, PFFI showed a 
decrease of 60%. Adding the triangular titanium implant 
to PFFI (PFFI-IFSAI) further decreased the ROM of the 
SIJ with respect to the configuration without the triangu-
lar implant. The same results found for PFFI-IFSAI were 
found when a second PFFI was added to PFFI (ie, 2-PFFI). 
PFFI-IFSAI and 2-PFFI resulted in similar behaviors for 
all 3 loading conditions: the biggest decrease was found 
in flexion-extension (35%) with respect to S2AI and PFFI 
(Figure 2).

Stresses, S1 Pedicle Screws

Due to the symmetry in the boundary conditions, the 
maximal von Mises stresses in the S1 pedicle screws on 

the right side were similar to those on the left side; thus, 
only the latter is shown (Figure 3).

Compared with PED, the 4 configurations including 
sacropelvic fixation resulted in lower maximum stresses 
in the pedicle screws (Figure 3). When an S2AI screw was 
added to PED, a reduction from 133 to 319 MPa to 60 to 
95 MPa was predicted. Adding a PFFI instead of the stan-
dard S2AI screw resulted in a reduction from 133 to 319 
MPa to 50–90 MPa, demonstrating values similar to S2AI.

Adding a triangular titanium implant to PFFI (ie, PFFI-
IFSAI) did not influence the stresses in the S1 pedicle 
screws with respect to S2AI and PFFI. 2-PFFI resulted in 
a decrease of the S1 pedicle screw stresses with respect to 
the other configurations; stresses from 28 to 62 MPa were 
calculated in this case (Figure 3).

Stresses, S2AI screws, and PFFI

Similar to S1 pedicle screws, the maximal von Mises 
stresses in S2AI screws and PFFI on the right side were 
similar to those on the left side; thus, data for the left side 
is presented (Figure  4). Data is compared among those 
implants in an S2AI trajectory.

In flexion-extension and axial rotation, maximal stresses 
in S2AI were higher than those in the PFFI. In flexion-
extension, PFFI had higher stresses in the PFFI than the 

Table 2.  Ranges of motion of L5-S1 and of the SIJ for the various configurations.

Configuration

Flexion-Extension Lateral Bending Axial Rotation

L5-S1 SIJ L5-S1 SIJ L5-S1 SIJ

S2AI 0.9 0.6 0.9 0.4 0.8 0.3
PFFI 0.9 0.2 0.9 0.2 0.7 0.1
PFFI-IFSAI 0.9 0.6 0.8 0.4 0.7 0.3
2-PPFI 0.6 0.2 0.4 0.2 0.6 0.1

Abbreviations: PFFI, porous fusion/fixation implant; 2-PFFI, S2AI position PFFI; S2AI, S2 alar-iliac; SIJ, sacroiliac joint.
Note: All values are in degrees (°).

Figure 2.  Predicted ranges of motion with respect to pedicle screw of L5-S1 and sacroiliac joints in flexion-extension (left), lateral bending (middle), and axial 
rotation (right) for the 4 instrumented configurations (S2AI, PFFI, PFFI-IFSAI, and 2-PFFI). Refer to Table 1 for model descriptions and abbreviations.
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PFFI in PFFI-IFSAI and 2-PFFI. PFFI-IFSAI and 2-PFFI 
had similar stresses with the latter configuration resulting 
in the smallest stress values among those configurations 
with PFFI (15 MPa in flexion and 15 MPa in extension). 
In lateral bending, a similar behavior among PFFI, PFFI-
IFSAI, and 2-PFFI was detected. In axial rotation, the con-
figuration 2-PFFI had a protective effect on the maximal 
stresses observed in the PFFI (up to 66%). Adding the tri-
angular titanium implants (PFFI-IFSAI) also had a protec-
tive effect on the maximal stresses observed in the PFFI 
(up to 50% with respect to PFFI).

With regard to 2-PFFI, maximum stresses in the upper 
(ie, S1) PFFI were also measured. In flexion-extension, 
stresses in this implant were similar to those found in 
PFFI, while in lateral bending, stresses in the S1 PFFI 
were highest among configurations. In axial rotation, 
stresses in this PFFI fell between values found for PFFI 
and PFFI-IFSAI. In all cases, maximum stresses on S2AI 
screws were found at the portion of the screw crossing the 
SI joint, whereas stresses in the PFFI were found at the 
neck.

Figure 3.  Maximal stresses in the left S1 pedicle screw predicted for the 5 instrumented configurations (PED, S2AI, PFFI, PFFI-IFSAI, and 2-PFFI). “flex”: flexion; 
“ext”: extension; “lb (ipsi)”: lateral bending in the ipsilateral direction (the same side of the implant of interest); “lb (contra)”: lateral bending in the contralateral 
direction; “ar (ipsi)”: axial rotation in the ipsilateral direction (the same side of the implant of interest); “ar (contra)”: axial rotation in the contralateral direction. Refer 
to Table 1 for model descriptions and abbreviations.

Figure 4.  Maximal stresses in the left implants placed in an S2 alar-iliac (S2AI), trajectory predicted for 4 instrumented configurations (S2AI, PFFI, PFFI-IFSAI, and 
2-PFFI). “flex”: flexion; “ext”: extension; “lb (ipsi)”: lateral bending in the ipsilateral direction (the same side of the implant of interest); “lb (contra)”: lateral bending in 
the contralateral direction; “ar (ipsi)”: axial rotation in the ipsilateral direction (the same side of the implant of interest); “ar (contra)”: axial rotation in the contralateral 
direction. Refer to Table 1 for model descriptions and abbreviations.
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Stresses and Posterior Rods

As for S1 pedicle screws and S2AI screws, the maximal 
von Mises stresses in the posterior rods on the right and 
left sides were comparable due to the symmetry in the 
boundary conditions; thus, only the stresses on the left side 
are shown (Figure 5).

With respect to simple pedicle screw fixation (PED), 
adding other implants tended to increase the maximal 
stresses observed on the posterior rods, except during 
lateral bending. However, in flexion-extension, the dif-
ferences of the stresses in the rods were very small. The 
largest values were found in axial rotation for PFFI (up to 
120 MPa). Max stresses in the rods resulted in a similar 
behavior among S2AI, PFFI, PFFI-IFSAI, and 2-PFFI for 
all the 3 loading conditions (Figure 5).

DISCUSSION

In this study, the use of a new PFFI to enhance spinopel-
vic fixation in 3 innovative configurations was investigated 
by means of finite element models. In the tested config-
urations, at least one PFFI per side was used in order to 
compare its biomechanical effect on L5-S1 and SIJ motion, 
and von Mises stresses in instrumentation with respect to 
PED and standard sacropelvic fixation with S2AI screws.

Sacropelvic fixation reduced the ROM of both L5-S1 
and SIJs for all 3 loading conditions with respect to lumbo-
sacral fixation (PED). The same result was found in other 
several in vitro or computational studies24–26 in which 
pedicle screw fixation in the lumbosacral spine alone or 
supplemented by either IL screws or S2AI screws was 

tested. The S2AI screws and PFFI had similar results in 
terms of L5-S1 and SIJ motion. Adding triangular titanium 
implants to the PFFI did not affect the ROM between L5 
and S1 but did reduce that of the SIJ. This finding at L5-S1 
is likely due to the fact that the triangular implants are not 
connected to the rod. Using 2 PFFI per side decreased the 
motion of the L5-S1 joint as both implants were connected 
to the rods. This suggests an increase in joint stability as 
well as a reduced risk of pseudarthrosis of the L5-S1 joint. 
2-PFFI demonstrated a behavior similar to PFFI-IFSAI in 
terms of SIJ motion, which is a reasonable result given 
that both configurations included 2 implants across the 
SIJ. Furthermore, these data show that 2 implants across 
the SIJ further increase the joint’s stability in comparison 
to a single point of fixation.

As in a previous study, the triangular titanium implants 
did not have an evident effect on the stability of L5-S1 
for all the loading conditions but further reduced the SIJ 
motion.24,25 Instead, using one PFFI per side showed a 
behavior similar to the standard S2AI fixation. This is a 
reasonable outcome given that both configurations include 
a single implant per side, placed in a similar trajectory, that 
is connected to the rod and crosses the SI joint. When 2 
PFFI per side were used, both L5-S1 and SIJ flexibility 
decreased with respect to S2AI fixation. Extending the 
previous rationale for S2AI and PFFI to 2-PFFI, a more 
pronounced decrease in L5-S1 motion would be expected 
for the latter configuration as it is a more rigid construct 
with 2 implants per side connected to the rod and crossing 
the joint.

Figure 5.  Maximal stresses in the left posterior rods in the portion between the L5 and the S1 pedicle screws (PED) predicted for the 5 instrumented configurations 
(PED, S2AI, PFFI, PFFI-IFSAI, and 2-PFFI). “flex”: flexion; “ext”: extension; “lb (ipsi)”: lateral bending in the ipsilateral direction (the same side of the implant of 
interest); “lb (contra)”: lateral bending in the contralateral direction; “ar (ipsi)”: axial rotation in the ipsilateral direction (the same side of the implant of interest); “ar 
(contra)”: axial rotation in the contralateral direction. Refer to Table 1 for model descriptions and abbreviations.
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Similar to previous studies, sacropelvic fixation sig-
nificantly reduced the von Mises stresses in S1 pedicle 
screws..9,24,25,27,28 S2AI fixation showed a slight increase 
of the stresses on S1 pedicle screws with respect to PFFI. 
Adding triangular titanium implants to the fixation with a 
PFFI slightly decreased the stresses in S1 pedicle screws 
with respect to PFFI, except in lateral bending. 2-PFFI sig-
nificantly decreased the stresses in this screw with respect 
to other configurations, except for axial rotation in which 
the values were very similar among the sacropelvic con-
figurations. The PFFI had, therefore, a moderate protective 
effect on the S1 pedicle screws suggesting a decreased risk 
of screw failure.

von Mises stresses in the PFFI placed in an S2AI trajec-
tory or S2AI screws showed that S2AI resulted in higher 
stresses with respect to PFFI, except in lateral bending. 
Despite this, lateral bending showed smaller values of 
stresses with respect to the other 2 loading conditions. 
Regarding the PFFI in an S2AI trajectory, the configura-
tion with one PFFI, one triangular titanium implant per 
side, and 2-PFFI resulted in the smallest values of stresses 
on the PFFI for all 3 loading conditions, in particular for 
the 2-PFFI. This suggests that the presence of a second 
implant above that in the S2AI trajectory offers some pro-
tection to the latter.

Notably, when a PFFI was placed in an SAI trajectory 
above the PFFI in an S2AI trajectory (ie, 2-PFFI), stresses 
in the former were higher than in the latter in all loading 
conditions, though they were the highest values among all 
configurations in lateral bending. Generally, this result is 
unsurprising because stress would be expected to decrease 
in implants as one travels caudally along the construct. 
Overall, all stresses in the PFFI were similar to or lower 
than those found in S1 pedicle screws.

In the posterior rods, the von Mises stresses were found to 
be comparable for configurations with sacropelvic fixation. 
Among the configurations with the PFFI, similar values of 
stresses in the rods were found. The triangular implants did 
not have an evident effect on the rod stresses, consistent 
with previous studies.24,25,29 However, all maximum values 
were lower than the stresses seen in S1 pedicle screws 
without sacropelvic fixation.

This study does exhibit some limitations, which are also 
described in previous studies.24,25,29 A simplified loading 
scenario replicating a double-leg stance in combination 
with pure moments (ie, no compression) was used. It should 
be noted that these boundaries and loading conditions 
were commonly used in in vitro and finite element studies 
which allows for better comparison among studies.24,25,29–

36 While pure moment applications may not be an exact 
representation of in vivo loading observed in day-to-day 

activities, previous studies have demonstrated that such 
loading has produced representative flexibility, intradis-
cal pressures, and instrumentation strain.31,37–39 Moreover, 
posterior rods were simulated as beam elements, and kine-
matic constraints were employed to model tulips because 
similar approaches are common in the available litera-
ture.35,36 The integral porous layer of the PFFI was sim-
plified to accommodate computational run times, likely 
overestimating the implant bending stiffness; however, 
modeling of the full trabecular stresses was outside the 
scope of the current work. Additionally, no interbody 
fusion at L5-S1 in combination with spinopelvic fixation 
was employed. Also, as the current study details model 
behavior at t = 0, the effects of osteointegration afforded by 
the PFFI are not evaluated here but would be expected to 
be beneficial compared with non-osseointegrated screws. 
Furthermore, the work described here considers only the 
bony properties representative of the CT scans from which 
the model was built; future studies could investigate the 
effects of varying bone density on the PFFI stresses (eg, 
locations and magnitudes). The approach used to model 
the bone-implant interactions involves assumptions and 
limitations: (1) the same values of spring stiffness were 
used for all implants, whereas an implant-specific cali-
bration would have arguably allowed for obtaining more 
realistic results; (2) axial pull-out and torsion were simu-
lated experimentally to calibrate the springs but bending 
loads were not. However, the incorporation of the springs 
as modeled simulates micromotion, which allows for a 
more representative assessment of joint stability follow-
ing fixation, and as such, represents an improvement over 
the use of embedded elements. Finally, the current study 
investigates ranges of motion and instrumentation stresses 
as proxies for joint stability and instrumentation failure, 
respectively, to understand the biomechanics of the sacro-
pelvic fixation methods explored in this work. The authors 
acknowledge that multiple other clinical factors not cap-
tured in this study may play a role in the development of 
certain phenomena such as pseudarthrosis; thus, clinical 
investigation would be required to evaluate the applica-
bility of these computational results to patient outcomes. 
Other technical limitations are reported in detail in our pre-
vious finite element studies.24,25,29

CONCLUSION

In the current study, a biomechanical evaluation of 3 
novel sacropelvic fixation techniques using the new PFFI 
was performed. In general, this finite element study con-
firmed that the addition of sacropelvic fixation is able to 
reduce ROM at L5-S1 and lower instrumentation stresses, 
suggesting a reduced risk of pseudarthrosis at the joint 
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and screw breakage, respectively. Placement of a single 
PFFI showed similar behavior to S2AI fixation in terms 
of the motion of the L5-S1 and SI joints; adding another 
PFFI per side further reduced the motion of these 2 joints 
demonstrating that the addition of a second point of fixa-
tion across the SIJ increases joint stability. Finally, PFFI 
further decreased the stresses in S1 pedicle screws and 
those placed in an S2AI trajectory, suggesting a reduced 
risk of screw failure. Clinical evaluation should be per-
formed to confirm the applicability of results to patient 
outcomes.

ACKNOWLEDGMENTS

The authors thank Francois Follini for providing a 
3-­dimensional model of the porous fusion/fixation 
implant for use in this finite element study.

REFERENCES
	 1.	 Guler UO, Cetin E, Yaman O, et al. Sacropelvic fixation in 
adult spinal deformity (ASD); a very high rate of mechanical failure. 
Eur Spine J. 2015;24(5):1085–1091. doi:10.1007/s00586-014-
3615-1
	 2.	 Ilyas H, Place H, Puryear A. A comparison of early clini-
cal and radiographic complications of iliac screw fixation versus 
S2 alar iliac (S2Ai) fixation in the adult and pediatric popula-
tions. J Spinal Disord Tech. 2015;28(4):E199–E205. doi:10.1097/
BSD.0000000000000222
	 3.	 Allen BL, Ferguson RL. The Galveston technique of pelvic 
fixation with L-rod instrumentation of the spine. Spine (Phila Pa 
1976). 1984;9(4):388–394. doi:10.1097/00007632-198405000-
00011
	 4.	 Kuklo TR, Bridwell KH, Lewis SJ, et al. Minimum 2-year 
analysis of sacropelvic fixation and L5-S1 fusion using S1 and 
iliac screws. Spine (Phila Pa 1976). 2001;26(18):1976–1983. 
doi:10.1097/00007632-200109150-00007
	 5.	 OʼBrien JR, Yu W, Kaufman BE, et al. Biomechanical eval-
uation of S2 alar-iliac screws: effect of length and QUAD-cortical 
purchase as compared with iliac fixation. Spine (Phila Pa 1976). 
2013;38(20):E1250–E1255. doi:10.1097/BRS.0b013e31829e17ff
	 6.	 Ishida W, Elder BD, Holmes C, et al. S2-alar-iliac screws are 
associated with lower rate of symptomatic screw prominence than 
iliac screws: radiographic analysis of minimal distance from screw 
head to skin. World Neurosurg. 2016;93:253–260. doi:10.1016/j.
wneu.2016.06.042
	 7.	 Sponseller P. The S2 portal to the Ilium. Semin Spine Surg. 
2007;2:83–87.
	 8.	 Kebaish KM. Sacropelvic fixation: techniques and complica-
tions. Spine (Phila Pa 1976). 2010;35(25):2245–2251. doi:10.1097/
BRS.0b013e3181f5cfae
	 9.	 Casaroli G, Galbusera F, Chande R, et  al. Evaluation of 
iliac screw, S2 alar-iliac screw and laterally placed triangular tita-
nium implants for sacropelvic fixation in combination with poste-
rior lumbar instrumentation: a finite element study. Eur Spine J. 
2019;28(7):1724–1732. doi:10.1007/s00586-019-06006-0
	 10.	 Tsuchiya K, Bridwell KH, Kuklo TR, Lenke LG, Baldus C. 
Minimum 5-year analysis of L5–S1 fusion using sacropelvic fixation 

(bilateral S1 and iliac screws) for spinal deformity. Spine (Phila 
Pa 1976). 2006;31(3):303–308. doi:10.1097/01.brs.0000197193.​
81296.f1
	 11.	 Martin CT, Polly DW, Holton KJ, et  al. Acute failure of 
S2-alar-iliac screw pelvic fixation in adult spinal deformity: novel 
failure mechanism, case series, and review of the literature. J Neu-
rosurg Spine. 2022;36(1):53–61. doi:10.3171/2021.2.SPINE201921
	 12.	 Martin CT, Holton KJ, Elder BD, et al. Catastrophic acute 
failure of pelvic fixation in adult spinal deformity requiring revision 
surgery: a multicenter review of incidence, failure mechanisms, and 
risk factors. J Neurosurg Spine. 2023;38(1):98–106. doi:10.3171/20
22.6.SPINE211559
	 13.	 Cho W, Mason JR, Smith JS, et  al. Failure of lumbopel-
vic fixation after long construct fusions in patients with adult spinal 
deformity: clinical and radiographic risk factors: clinical article. 
J Neurosurg Spine. 2013;19(4):445–453. doi:10.3171/2013.6.SP
INE121129
	 14.	 Hyun S-J, Jung J-M, Kim K-J, Jahng T-A. Durability and 
failure types of S2-alar-iliac screws: an analysis of 312 consecu-
tive screws. Oper Neurosurg (Hagerstown). 2020;20(1):91–97. 
doi:10.1093/ons/opaa251
	 15.	 De la Garza Ramos R, Nakhla J, Sciubba DM, Yassari R. 
Iliac screw versus S2 alar-iliac screw fixation in adults: a meta-
analysis. J Neurosurg Spine. 2018;30(2):253–258. doi:10.3171/20
18.7.SPINE18710
	 16.	 Unoki E, Abe E, Murai H, Kobayashi T, Abe T. Fusion 
of multiple segments can increase the incidence of sacroiliac joint 
pain after lumbar or lumbosacral fusion. Spine (Phila Pa 1976). 
2016;41(12):999–1005. doi:10.1097/BRS.0000000000001409
	 17.	 Unoki E, Miyakoshi N, Abe E, et  al. Sacropelvic fix-
ation with S2 alar iliac screws may prevent sacroiliac joint 
pain after multisegment spinal fusion. Spine (Phila Pa 1976). 
2019;44(17):E1024–E1030. doi:10.1097/BRS.0000000000003041
	 18.	 Finger T, Bayerl S, Bertog M, Czabanka M, Woitzik J, 
Vajkoczy P. Impact of sacropelvic fixation on the development 
of postoperative sacroiliac joint pain following multilevel stabi-
lization for degenerative spine disease. Clin Neurol Neurosurg. 
2016;150:18–22. doi:10.1016/j.clineuro.2016.08.009
	 19.	 Diesing D, Franke J, Tschoeke SK, Schultheiß R, 
Scheufler KM. Persistent Iliosacral joint syndrome following 
instrumentation to the sacropelvis in patients with adult spinal 
deformity. J Neurol Surg A Cent Eur Neurosurg. 2019;80(1):15–25. 
doi:10.1055/s-0038-1655732
	 20.	 Manzetti M, Ruffilli A, Barile F, et  al. Sacroiliac joint 
degeneration and pain after spinal arthrodesis: a systematic 
review. Clin Spine Surg. 2023;36(4):169–182. doi:10.1097/
BSD.0000000000001341
	 21.	 Ladd B, Polly D. Pelvic fixation using S2Ai and trian-
gular titanium implants (bedrock technique). World Neurosurg. 
2021;154:2. doi:10.1016/j.wneu.2021.07.027
	 22.	 de Andrada Pereira B, Lehrman JN, Sawa AGU, et  al. 
Biomechanical effects of a novel Posteriorly placed Sacroiliac 
joint fusion device integrated with traditional Lumbopelvic long-
construct instrumentation. J Neurosurg Spine. 2021;35(3):320–329. 
doi:10.3171/2020.11.SPINE201540
	 23.	 de Andrada Pereira B, Wangsawatwong P, Lehrman JN, 
et  al. Biomechanics of a laterally placed sacroiliac joint fusion 
device supplemental to S2 alar-iliac fixation in a long-segment adult 
spinal deformity construct: a cadaveric study of stability and strain 
distribution. J Neurosurg Spine. 2021;36(1):42–52. doi:10.3171/20
21.3.SPINE202175

 by guest on August 14, 2024https://www.ijssurgery.com/Downloaded from 

https://www.ijssurgery.com/


Panico et al.

International Journal of Spine Surgery, Vol. 00, No. 00 9

	 24.	 Panico M, Chande RD, Lindsey DP, et al. The use of tri-
angular implants to enhance sacropelvic fixation: a finite element 
investigation. Spine J. 2020;20(10):1717–1724. doi:10.1016/j.
spinee.2020.05.552
	 25.	 Panico M, Chande RD, Lindsey DP, et al. Innovative sacro-
pelvic fixation using iliac screws and triangular titanium implants. 
Eur Spine J. 2021;30(12):3763–3770. doi:10.1007/s00586-021-
07006-9
	 26.	 Cunningham BW, Sponseller PD, Murgatroyd AA, 
Kikkawa J, Tortolani PJ. A comprehensive biomechanical analysis 
of sacral alar iliac fixation: an in vitro human cadaveric model. J 
Neurosurg Spine. 2019;30(3):367–375. doi:10.3171/2018.8.SP
INE18328
	 27.	 Cunningham BW, Sefter JC, Hu N, Kim SW, Bridwell 
KH, McAfee PC. Biomechanical comparison of iliac screws versus 
Interbody femoral ring allograft on lumbosacral kinematics and 
sacral screw strain. Spine (Phila Pa 1976). 2010;35(6):E198–205. 
doi:10.1097/BRS.0b013e3181c142bf
	 28.	 Lebwohl NH, Cunningham BW, Dmitriev A, et  al. Bio-
mechanical comparison of lumbosacral fixation techniques in a 
calf spine model. Spine (Phila Pa 1976). 2002;27(21):2312–2320. 
doi:10.1097/00007632-200211010-00003
	 29.	 Galbusera F, Casaroli G, Chande R, et  al. Biomechanics 
of sacropelvic fixation: a comprehensive finite element comparison 
of three techniques. Eur Spine J. 2020;29(2):295–305. doi:10.1007/
s00586-019-06225-5
	 30.	 Luca A, Ottardi C, Sasso M, et al. Instrumentation failure 
following pedicle subtraction osteotomy: the role of rod material, 
diameter, and multi-rod constructs. Eur Spine J. 2017;26(3):764–770. 
doi:10.1007/s00586-016-4859-8
	 31.	 Wilke HJ, Wenger K, Claes L. Testing criteria for spinal 
implants: recommendations for the standardization of in vitro sta-
bility testing of spinal implants. Eur Spine J. 1998;7(2):148–154. 
doi:10.1007/s005860050045
	 32.	 Lindsey DP, Parrish R, Gundanna M, Leasure J, Yerby SA, 
Kondrashov D. Biomechanics of unilateral and bilateral sacroiliac 
joint stabilization: laboratory investigation. J Neurosurg Spine. 
2018;28(3):326–332. doi:10.3171/2017.7.SPINE17499
	 33.	 Schmidt H, Galbusera F, Rohlmann A, Zander T, Wilke H-
J. Effect of multilevel lumbar disc arthroplasty on spine kinemat-
ics and facet joint loads in flexion and extension: a finite element 
analysis. Eur Spine J. 2012;21(Suppl 5):S663–S674. doi:10.1007/
s00586-010-1382-1
	 34.	 Giudici F, Galbusera F, Zagra A, Wilke H-J, Archetti M, 
Scaramuzzo L. Determinants of the biomechanical and radiologi-
cal outcome of surgical correction of adolescent idiopathic scoli-
osis surgery: the role of rod properties and patient characteristics. 
Eur Spine J. 2017;26(Suppl 4):524–532. doi:10.1007/s00586-017-
5148-x
	 35.	 Schmidt H, Heuer F, Wilke H-J. Which axial and bending 
stiffnesses of posterior implants are required to design a flexi-
ble lumbar stabilization system. J Biomech. 2009;42(1):48–54. 
doi:10.1016/j.jbiomech.2008.10.005
	 36.	 Rohlmann A, Burra NK, Zander T, Bergmann G. Compar-
ison of the effects of bilateral posterior dynamic and rigid fixation 
devices on the loads in the lumbar spine: a finite element analy-
sis. Eur Spine J. 2007;16(8):1223–1231. doi:10.1007/s00586-006-
0292-8

	 37.	 Dreischarf M, Rohlmann A, Bergmann G, Zander T. 
Optimised loads for the simulation of axial rotation in the lumbar 
spine. J Biomech. 2011;44(12):2323–2327. doi:10.1016/j.jbio-
mech.2011.05.040
	 38.	 Rohlmann A, Zander T, Rao M, Bergmann G. Apply-
ing a follower load delivers realistic results for simulating 
standing. J Biomech. 2009;42(10):1520–1526. doi:10.1016/j.jbio-
mech.2009.03.048
	 39.	 Rohlmann A, Zander T, Rao M, Bergmann G. Real-
istic loading conditions for upper body bending. J Biomech. 
2009;42(7):884–890. doi:10.1016/j.jbiomech.2009.01.017

Funding: The study was funded by SI-BONE, Inc. 
and by the Italian Ministry of Health (“Ricerca Cor-
rente”).

Declaration of Conflicting Interests: 
R.D.C. is an employee of and has stock options/stock 
in SI-BONE, Inc. DPL is an employee of and has stock 
options/stock in SI-BONE, Inc., and has 3 pending 
patents and 6 granted patents. A.M. reports as a paid 
consultant for SI-BONE, Inc. and is a royalties’ bearer. 
D.W.P. is a paid consultant for SI-BONE, Inc. and is a 
royalties’ bearer. S.A.Y. is an employee of and has stock 
options/stock in SI-BONE, Inc., and has 3 pending 
patents and 6 granted patents. F.G. received funding 
support for this study from SI-BONE, Inc.

Author Contributions: Conception and design: 
R.D.C., D.P.L., A.M., D.W.P., S.A.Y., M.B.B., F.G.; 
Acquisition of data: M.P., R.D.C., D.P.L., T.V., F.G.; 
Analysis and interpretation of data: M.P., R.D.C., 
D.P.L., A.M., D.W.P., T.V., S.A.Y., M.B.B., F.G.; Draft-
ing of the manuscript: M.P., R.D.C., D.P.L., F.G.; Criti-
cal revision of the manuscript for important intellectual 
content and approval of the submitted and final version: 
M.P., R.D.C., D.P.L., A.M., D.W.P., T.V., S.A.Y., 
M.B.B., F.G.

Availability of Data and Material: All 
data are available from the corresponding author upon 
reasonable request.

Corresponding Author: Fabio Galbusera, 
Department of Teaching, Research and Development, 
Schulthess Clinic, Lengghalde 2, 8008 Zurich, Switzer-
land; ​fabio.​galbusera@​kws.​ch

Published 13 July 2023
This manuscript is generously published free of charge 
by ISASS, the International Society for the Advance-
ment of Spine Surgery. Copyright © 2023 ISASS. To 
see more or order reprints or permissions, see http://​
ijssurgery.​com.

 by guest on August 14, 2024https://www.ijssurgery.com/Downloaded from 

https://www.ijssurgery.com/


International Journal of Spine Surgery, Vol. 18, No. 1, 2024, pp. 119
https://doi.org/10.14444/8481.cxx
© International Society for the Advancement of Spine Surgery

Corrections

Panico M, Chande RD, Lindsey DP, et al. Stability and instrumentation stresses among sacropelvic fixation 
techniques with novel porous fusion/fixation implants: a finite element study. Int J Spine Surg. 2023:17(4):598-
606. https://doi.org/10.14444/8481

The authors report that an error appeared in this article. On page 601, the data for rows “PFFI” and “PFFI-IFSAI” 
were swapped. The corrected table is shown below. (doi:10.14444/8481.cxx)

Copyright © 2024 ISASS. This article is distributed under Creative Commons Licensing Agreement CC BY-NC-ND. 
For commercial entities seeking to order reprints or permissions, see http://ijssurgery.com.

Table 2.  Ranges of motion of L5-S1 and of the SIJ for the various configurations.

Configuration
Flexion-Extension Lateral Bending Axial Rotation

L5-S1 SIJ L5-S1 SIJ L5-S1 SIJ

S2AI 0.9 0.6 0.9 0.4 0.8 0.3
PFFI 0.9 0.6 0.8 0.4 0.7 0.3
PFFI-IFSAI 0.9 0.2 0.9 0.2 0.7 0.1
2-PPFI 0.6 0.2 0.4 0.2 0.6 0.1

Abbreviations: PFFI, porous fusion/fixation implant; PFFI-IFSAI, PFFI inserted bilaterally in an S2AI trajectory; 2-PFFI, S2AI position PFFI; S2AI, S2 alar-iliac; SIJ, sacroiliac joint.
Note: All values are in degrees (°).
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