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Abstract
Purpose  To optimize the biomechanical performance of S2AI screw fixation using a genetic algorithm (GA) and patient-
specific finite element analysis integrating bone mechanical properties.
Methods  Patient-specific pelvic finite element models (FEM), including one normal and one osteoporotic model, were cre-
ated from bi-planar multi-energy X-rays (BMEXs). The genetic algorithm (GA) optimized screw parameters based on bone 
mass quality (BM method) while a comparative optimization method maximized the screw corridor radius (GEO method). 
Biomechanical performance was evaluated through simulations, comparing both methods using pullout and toggle tests.
Results  The optimal screw trajectory using the BM method was more lateral and caudal with insertion angles ranging from 
49° to 66° (sagittal plane) and 29° to 35° (transverse plane). In comparison, the GEO method had ranges of 44° to 54° and 
24° to 30° respectively. Pullout forces (PF) using the BM method ranged from 5 to 18.4 kN, which were 2.4 times higher 
than the GEO method (2.1–7.7 kN). Toggle loading generated failure forces between 0.8 and 10.1 kN (BM method) and 
0.9–2.9 kN (GEO method). The bone mass surrounding the screw representing the fitness score and PF of the osteoporotic 
case were correlated (R2 > 0.8).
Conclusion  Our study proposed a patient-specific FEM to optimize the S2AI screw size and trajectory using a robust BM 
approach with GA. This approach considers surgical constraints and consistently improves fixation performance.
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Introduction

Adults spine deformity (ASD) impacts 30% to 60% of older 
individuals with previously normal spinal curvature [1], and 
its prevalence is increasing with the aging population. ASD 
patients often experience diminished health-related quality 
of life and perform poorly on related parameters [2]. Instru-
mentation surgery, particularly with long instrumentation 
to the pelvis, is commonly employed to improve quality of 
life measures and prevent loosening and pseudarthrosis [3, 
4]. When comparing S2-alar-iliac screws (S2AI) with tra-
ditional iliac screws, S2AI screws present a clear advantage 
due to their lower profile and reduced need for extensive 
dissections. These factors contribute to a decreased risk of 
complications and subsequent surgical interventions [5, 6]. 
However, modes of failure such as screw loosening, screw 
fracture, rod fracture, L5-S1 pseudoarthrosis, and kyphotic 
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fracture of the sacrum are still observed [7–9]. Eastlack et al. 
found a higher rate of screw loosening with an odd ratio of 
2.63 [10]. Especially in patients aged 70 years or older, the 
reported incidence of loosening ranges from 50 to 66% [11, 
12]. Low bone mineral density particularly in severe osteo-
porosis cases among the elderly is a common cause of failed 
fusion [13, 14]. Age-related heterogeneity in pelvic bone 
density can further contribute to fractures, instrumentation 
failure, and overall pelvic strength and stability issues [15].

To reduce the risk of screw loosening, proper anchoring 
is essential [12]. Recent anatomical studies by Liu et al. [16] 
and Wu et al. [17] focused on optimizing the diameter and 
feasible insertion region for S2-alar-iliac (S2AI) screws. Liu 
et al. found an average maximum corridor radius of 6 mm in 
a study involving 40 individuals, while Wu et al. identified a 
wide range of feasible S2AI screw trajectories in the coronal 
and sagittal planes. Jeong et al. [18] fine-tuned the entry 
point for an 8.5 × 115 mm screw and recommended a medi-
ally offset entry point to ensure sufficient anchorage through 
the sacroiliac joint (SIJ). However, a significant limitation of 
these studies was the absence of biomechanical evaluation 
of screw fixation efficacy.

Finite element analysis (FEA) has been employed in 
recent studies to biomechanically analyze and optimize 
implants in various anatomical locations. A combination 
of design of experiments (DOE) and FEA has been used 
in numerous studies to enhance implant fixation strength 
[19–22]. However, the deterministic nature of this approach 
can lead to local optima and unnecessary complexity. To 
address these limitations, Caprara et  al. [23] utilized a 
genetic algorithm (GA) with FEA to optimize the biome-
chanical performance of pedicle screws, resulting in a 26% 
increase in simulated pullout strength. However, the FEM 
was constructed from CT scans, which may pose challenges 
for clinical implementation. In clinical practice, standing 
bi-planar X-rays are the standard for medical exams, par-
ticularly in the context of scoliosis [24].

This study aims to optimize the biomechanical perfor-
mance of S2AI screws using a GA optimization based on 
bone quality and FEA, with the potential to be applied in 
clinical practice.

Methods

Model setup

The patient-specific FEM setup described in previous works 
[20, 25] can be summarized as follows. CT scans of an osteo-
porotic 81-year-old female and a normal 35-year-old female 
from TCIA database [26] were used for simulation studies. 
Their CT scans were used to generate synthetic biplanar 
multi-energy X-rays (BMEXs) using a simulator provided 

by the manufacturer of the BMEX equipment to simulate 
routine clinical images. These BMEXs were marked with 
landmarks and used to identify their corresponding land-
marks on the generic pelvic FEM with the purpose of obtain-
ing the patient-specific 3D morphology. The pixel values 
on the BMEXs were used to estimate the volumetric bone 
mineral densities (vBMDs) of the trabecular bone, which 
were grouped based on value similarity and assigned to the 
patient-specific 3D morphology based on coordinate cor-
respondence. Cortical bone densities were estimated based 
on age, with a 35% reduction for cases of osteoporosis and 
a 10% reduction for normal cases [27]. The patient-specific 
FEM included a layer of cortical bone surrounding the tra-
becular bone, with iliac thicknesses ranging from 0.3 to 
5 mm and a sacral thickness of 1 mm [28]. Both the corti-
cal and trabecular bones were represented using 3D 4-node 
tetrahedron elements with a characteristic length of 2 mm.

GA workflow

First, the variables to optimize were defined as the screw 
insertion point, the trajectory angles, and the screw size 
(Fig. 1). The screw insertion region was determined as a 
quadrilateral delimited by the line connecting the centers 
of the first and second foramens, 0.5 cm away from the first 
and second foramens, and 0.3 cm from the SIJ cartilage. 
This surface region was remeshed using 3-node triangular 
elements with a characteristic length of 1 mm, and each node 
was considered as a possible insertion point. Feasible tra-
jectory angles with respect to sagittal (SA) and transverse 
(TA) planes were determined at 1° increments to cover all 
possible angles. Standard screws with diameters of 7.5, 8.5, 
or 9.5 mm and lengths of 80 or 100 mm were used. These 
screws were approximated as cylinders. Each solution was 
defined as a set of numerical values for each variable. Con-
straints were set to eliminate impractical solutions for screw 
insertion in the pelvis. These constraints included avoiding 
the critical external cortex of the iliac bone and ensuring that 
the screw passes through the SIJ cartilage. Solutions failing 
to meet these criteria were excluded.

A fitness score was assigned to each solution, indicating 
its ability to meet the desired criteria (Fig. 2). The score 
was calculated as the bone mass around the screw. This was 
based on elements within the walls of a hollow cylinder with 
a wall thickness equal to half of the major-minor diameter 
difference (Fig. 2a), as it was assumed that bone quality 
correlated with screw performance with the bone elements 
in the thread path undergoing the loads [29]. Another fit-
ness function which sums the bone mass within the cylinder 
enclosing the entire screw was evaluated but not used in the 
GA to examine the potential impact of the fitness function 
definition on the results (Fig. 2b).
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Ninety initial solutions were randomly generated and 
immediately checked for feasibility. We applied fitness-
proportional selection to choose parent solutions from the 
current generation. We used a crossover operator with a 0.7 
probability to generate two offspring solutions by exchang-
ing variables. To ensure diversity, a mutation operator with 
a 0.2 probability was applied, randomly modifying one or 
more variables in each offspring. We repeated this process 
until the next generation had the same number of solutions, 
with old solutions being replaced by new ones. To preserve 
potentially valuable solutions, the five best solutions from 
the previous generation were retained. Finally, the program 
terminated after a fixed number of 35 generations.

To compare our method, referred to as BM in the subse-
quent section, with the approach of Liu et al. [16], referred 
to as GEO, we replicated their conditions. We established 
the entry point at the intersection of the median line between 
the upper and lower dorsal foramina and the lateral sacral 
crest line. Using a GA algorithm with the same parame-
ters, workflow, and constraints as previously described, we 
derived the corresponding trajectory based on their criteria. 
We included three input variables: trajectory angles with 

respect to sagittal and transverse planes, as defined earlier, 
and the radius ranging from 0 to 15 mm in increments of 
0.01 mm. The fitness value was set to the radius of the solu-
tion, enabling to determine the maximum inscribed cylinder 
centered at the typical entry point that permits the passage 
of the S2AI screw.

Finite element modeling and static load simulations 
on S2AI screws

The surface reconstruction of the patient-specific FEM was 
imported into Solidworks 2021 (Dassault Systèmes, Vélizy-
Villacoublay, France). Next, the entry point and axis of the 
trajectory for each screw alignment as previously determined 
was defined. Bone elements along the screw were subtracted 
and the bone-screw elements were remeshed with 4-node 
tetrahedrons using HyperMesh 2020. The mesh surrounding 
the screw was fine-tuned to match the implant element size 
of 0.4 mm, while other areas were set to 1 mm to decrease 
computational time [20].

The bone material properties were then reassigned as 
described in our earlier work [25], as detailed in the Model 

Fig. 1   Schematic representation of entry region (blue region) (left), trajectory angle with respect to the sagittal plane (SA) (middle), and trajec-
tory angle with respect to transverse plane (TA) (right) for the right S2AI screw

Fig. 2   Cross-section of a a hollow cylinder and b a full cylinder that were used to sum the properties in the red region to evaluate the fitness 
score. The trabecular bone is represented in white and the cortical bone in yellow
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setup section. The ligament modeling was based on ana-
tomical descriptions and utilized a viscoelastic generalized 
Kelvin–Voigt material law developed through an in-house 
experimental study [30]. The interosseous ligament was 
meshed using 3D 4-node tetrahedrons, while the anterior and 
posterior ligaments were meshed using 2D 3-node triangular 
shell elements. A summary of the material properties of the 
soft tissues can be found in Table 1.

The screw was considered as a rigid body due to its 
Young’s modulus being significantly higher than those of 
the cortical and cancellous bones [20]. The bone-screw 
interface was modeled using a point-surface penalty method 
with Coulomb-type friction of 0.2 and a minimal gap of 
0.05 mm, which has been previously validated [20, 22, 28]. 
The outer nodes of the ilium were fixed to create a stable 
support and the sacrum was allowed to move to simulate the 
natural movement of the pelvis.

Screw pullout was simulated, in addition to two toggle 
loading conditions in flexion with cephalad displacement 
and extension with caudal displacement on the screw head 
(Fig. 3), representing possible typical forces experienced 
by screws during daily activities. A constant displacement 
rate of 0.002 mm/min was applied to the screw head for all 
loadings until bone failure occurred. To prevent off-axis dis-
placement, a constraining slide link condition was used, with 
only the screw axis translation free in the load direction. 
The resulting force–displacement (F-D) curves were used to 
calculate the initial stiffness (IS) and force to failure (FtF), 
characterized by a drop in the F-D curve [25]. Finally, we 
used a paired t-test to compare the FtF and IS of the best tra-
jectories obtained from both the BM and GEO approaches.

Results

The optimal trajectories and their corresponding screw 
insertion inputs for each of the tested methodologies on 
both the left and right ilia of both osteoporotic and nor-
mal cases are presented in Table 2. Irrespective of the 
methodology or cases examined, the BM method consist-
ently yielded higher fitness scores, insertion angles (SA 

and TA), and percentages of cortical bone mass compared 
to the GEO method. Furthermore, the largest screw sizes 
(9.5 × 80  mm, 9.5 × 100  mm, and 8.5 × 100  mm) con-
sistently led to the optimal solutions regardless of the 
chosen method. Table 3 showcases five alternative solu-
tions obtained using the BM method for the osteoporo-
tic right ilium with only smaller screws (7.5 × 80 mm, 
7.5 × 100 mm, and 8.5 × 80 mm) to illustrate the versatility 
of GA in generating multiple potential solutions based on 
predefined criteria.

The simulated pullout and toggling condition results 
for each trajectory in Table 2 are presented in Table 4. 
The BM method demonstrated higher FtF and IS values 
for pullout and extension conditions, while no significant 
differences were observed between the methods for flexion 
in terms of FtF and IS. In fact, There was a significant dif-
ference between the BM and GEO optimization methods 
in extension (p < 0.05) (Table 5). Within-pair correlations 
of the different loading conditions are either of the same 
level or higher for FtF compared to IS.

Finally, the coefficient of determination for the bone 
mass around the screw threads and the FtF was 0.84, and 
for the bone mass and the FtF was 0.87 (Fig. 4).

Table 1   Material properties of 
soft tissues

Interosseous 
ligaments

Anterior liga-
ments

Posterior liga-
ments

Sacro-iliac 
joint (SIJ) 
cartilage

Young’s modulus (MPa) 25 45 400 0.75
Poisson’s ratio 0.3 0.3 0.3 0.4
Tangent Young’s modulus (MPa) 10 10 100 –
Tangent Poisson’s ratio 0.37 0.37 0.37 –
Viscoelastic constant 28 28 28 –
Navier constant 1.05 1.05 1.05 –

Fig. 3   Tested loadings applied to the screw head
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Discussion

In this study, a patient-specific FEM was used to optimize 
the S2AI screw fixation. Both BM and GEO optimiza-
tion approaches favored the use of larger screws, which 
have been shown to achieve higher strength [22]. This is 
different from the goal of maximizing bone mineral den-
sity (BMD) around the screw tip [19]. Meanwhile, the 
BM approach with GA that maximizes total bone mass 
around screw improved FtF and IS compared to the GEO 

Table 2   Optimal trajectories (L = left ilium; R = right ilium)

1 (Caudal, lateral) distance from S1 foramen

Optimization 
method

Screw size (mm) SA ( ◦) TA ( ◦) Entry point (cm)1 Fitness 
score (g)

Cortical 
bone mass 
(%)

Osteoporotic case L BM 9.5 × 100 49 29 (1.1, 0.4) 3.0 60.6
GEO 8.5 × 100 44 24 (1.5, 0.4) 1.7 43.0

R BM 9.5 × 100 53 30 (1.8, 0.0) 3.6 68.7
GEO 9.5 × 100 49 30 (1.5, 0.4) 2.5 48.2

Normal case L BM 9.5 × 80 66 32 (1.4, 0.6) 4.0 80.4
GEO 9.5 × 100 54 24 (1.4, 0.7) 2.5 47.1

R BM 9.5 × 100 60 35 (1.7, 0.0) 4.2 68.1
GEO 9.5 × 100 44 30 (1.4, 0.2) 3.1 53.4

Table 3   Other optimal 
trajectories with smaller screws 
for the osteoporotic right ilium 
obtained using the BM method

*(caudal, lateral) distance from S1 foramen

Screw size (mm) SA ( ◦) TA ( ◦) Entry point (cm)* Fitness (g) Cortical 
bone mass 
(%)

7.5 × 80 49 34 (1.8, 0.6) 2.2 81.2
7.5 × 80 54 34 (1.5, 0.0) 2.1 81.0
7.5 × 100 54 31 (1.8, -0.1) 2.6 77.8
7.5 × 100 55 36 (1.3, 0.1) 2.6 78.7
8.5 × 80 50 31 (2.0, 0.3) 2.7 79.5

Table 4   Results of Force to 
failure (FtF) and Initial stiffness 
(IS) for the simulated loading 
conditions of the trajectories in 
Table 2 (L = left ilium; R = right 
ilium)

Optimi-
zation 
method

Pullout Flexion Extension

FtF (N) IS (kN/mm) FtF (N) IS (kN/mm) FtF (N) IS (kN/mm)

Osteoporotic case L BM 4998 335.6 830 18.7 3148 195.2
GEO 2076 94.3 888 19.2 1069 53.3

R BM 10,385 390.6 2118 64.1 4246 191.6
GEO 5896 248.3 2049 41.8 1971 89.3

Normal case L BM 18,446 1322.7 3117 116.6 10,051 453
GEO 5645 275.9 2932 53.9 2655 98.4

R BM 14,322 1182.1 2544 62.5 7365 332.3
GEO 7690 302.3 2887 68.9 2610 153.4

Table 5   Statistical comparison between the BM and GEO optimiza-
tion methods

p-value Within-pair 
correlation

FtF Pullout 0.053 0.7
Flexion 0.767 1.0
Extension 0.046 0.9

IS Pullout 0.084 0.7
Flexion 0.301 0.6
Extension 0.040 0.5
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approach, which maximizes the screw corridor radius 
[16]. This suggests that bone quality to be traversed is a 
more important feature than screw size for biomechanical 
performance, as shown by an R2 value of 0.84 between 
bone mass around the screw and FtF (Fig. 4). In fact, 
the BM optimization consistently favored pelvic cortical 
bone crossing over the screw size, which provides bet-
ter mechanical resistance to different loadings, although 
greater screw size was preferred in most cases as more 
bone could be involved in enhancing the bone-screw fixa-
tion. This is consistent with Caprara et al.'s study [23], 
which also favored a cortical bone trajectory, not consist-
ently with the largest screw diameter. Therefore, our study 
supports the placement of the screw near the sciatic notch 
instead of the center of the tear drop, which was the ini-
tial approach in Luque Galveston and the subsequent first 
generation of iliac bolts [31].

The BM optimization approach resulted in screw entry 
points slightly more medially located compared to the 
standard insertion point, which aligns with findings from a 
recent cadaver study [18]. This medial placement allows for 
safer screw insertion into the sacrum and better alignment 
with long instrumentation. In contrast, the optimized trajec-
tory using the GEO approach was more lateral and caudal, 
avoiding the anterior region of the great sciatic notch where 
nerves and arteries are present. Table 2 demonstrates a wide 
range of possibilities and variability in insertion angles, con-
sistent with findings from anatomical studies [16]. The BM 
and GEO approaches differed by more than 5° in insertion 
angles in most cases, highlighting the clinical significance 
of this variation. The GEO approach yielded solutions 
closer to standard clinical practice [32], with a typical screw 
entry point located 10 mm laterally between the S1 and S2 

foramina near the SIJ, and favoring a trajectory away from 
the pelvic cortex.

Local bone quality influenced the screw fixation in dif-
ferent functional loading conditions. The optimized trajec-
tory from the BM method showed little improvement in all 
cases when applying flexion, in contrast to the optimized 
trajectory from the GEO method. This can be attributed to 
the fact that the screw moves in the cranial direction, where 
most of the bone material is trabecular. On the other hand, 
the extension simulations showed significant improvements 
due to the caudal location of the pelvic cortical wall relative 
to the screw placement. The pullout test that takes overall 
bone quality into account showed a significant improvement 
when using the BM method. Therefore, surgeons may want 
to consider using this method to maximize the bone quality 
around the screw and improve fixation strength.

Our study confirmed that various fitness functions have a 
strong positive correlation with biomechanical performance, 
as shown in Fig. 4. The correlation between the different fit-
ness functions, namely the total bone mass around the screw 
shank (hollow cylinder) or the total bone mass in the screw 
cylinder (full cylinder), and the FtF consistently showed 
similar R2 scores, as depicted in Fig. 4. This indicates that 
small variations in the bone mass included in the screw path 
are unlikely to significantly affect the predictive power of 
the model. While the method allows for the consideration 
of bone outside the threads and the exploration of different 
thread designs or screw shapes, it would need to be veri-
fied whether these factors would substantially enhance S2AI 
screw fixation.

Given the plausible range of viable solutions, the pro-
posed optimization approach has several features that 
could be used for future surgery planning. Firstly, the BM 

Fig. 4   Correlation between the fitness function (x-axis) and FtF (y-axis) for pullout test in osteoporotic and normal cases using BM and GEO 
optimization methods. The two fitness functions are: a the bone mass around the screw shank, and b the bone mass in the screw cylinder
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optimization method was developed based on BMEX tech-
nology, which could be used in the evaluation of ASD and 
surgical planning. The GA that was used in the BM method 
could be customized to a surgeon's technique or specified 
criteria, such as a pre-determined screw size as illustrated in 
Table 3. For patients with low bone quality who require risk-
ing cortical penetration for better fixation strength, which 
was the investigated scenario in this study, it is noteworthy 
that the optimized trajectory using the BM method in the 
osteoporotic case could achieve a similar level of strength as 
a more standard-like trajectory using the GEO method in the 
normal case, demonstrating the efficacy of the proposed BM 
method. Since the GA is versatile, a safety distance from the 
entire or specific region of the external cortical cortex could 
be added based on surgical considerations, to avoid cortical 
breach. Finally, the correlation observed between the BM 
and the pullout force (Fig. 4) provides surgeons with valu-
able information to evaluate the potential improvement in 
biomechanical performance by increasing the amount of BM 
around the screw. By increasing the amount of BM around 
the screw, surgeons can achieve greater cortical bone support 
without negatively impacting the biomechanical strength 
of the S2AI screws, which would occur if the cortex were 
breached [33]. Such information may help surgeons deter-
mine whether the potential benefits outweigh the associated 
risks.

There are a few limitations to this numerical approach. 
The biomechanical performance was based on three generic 
loading conditions, not necessarily representing all physi-
ological loadings and the fatigue failure that the S2AI screw 
would undergo. However, this approach enables a consistent 
evaluation of the S2AI fixation performance after optimiza-
tion using the BM method and direct comparison with refer-
ence cases, which are the trajectories from the GEO method. 
In addition, by analyzing the stress–strain behavior of the 
fixation during quasi-static loading, it is possible to estimate 
its fatigue behavior and potential risk of failure. Also, this 
study presents a comparative approach aimed at optimizing 
screw fixation in relative terms between the solutions tested, 
rather than precisely assessing stresses for implant design. 
Even if the sample size was small, the statistical significance 
was assured due to the high within-pair correlation [34], 
especially for FtF. Despite the limitations, this study sug-
gests a workflow to biomechanically optimize S2AI fixation 
based on patient imaging data and highlights the practicality 
of using this approach to improve preoperative planning.

Conclusion

In this study, we proposed an original comprehensive 
patient-specific FEM to statistically optimize the S2AI 
trajectory. The optimized screw placement using the GA 

outperformed the reference optimization method based 
solely on the geometry, resulting in improved biomechani-
cal performance and resistance to screw loosening in S2AI 
screw fixation. This approach enables identification of the 
best input parameters specific to each patient, while tak-
ing into consideration surgical constraints. The trajectories 
that were identified as the best from a purely biomechani-
cal perspective consistently favored increased cortical bone 
around the screw while avoiding any breach of the cortex, 
significantly improving the biomechanical performance of 
the fixation, and the optimized trajectory could achieve the 
desired strength to resist screw loosening. The developed 
workflow for the pelvic fixation optimization suggests poten-
tial benefits for improving preoperative planning of spino-
pelvic fixation.
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