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Abstract 

Adolescent idiopathic scoliosis is a three-dimensional deformity of the spine which is 

frequently corrected with the implantation of instrumentation with generally good or 

excellent clinical results; mechanical post-operative complications such as implant loosening 

and breakage are however relatively frequent. The rate of complications is associated with a 

lack of consensus about the surgical decision-making process; choices about the 

instrumentation length, the anchoring implants and the degree of correction are indeed mostly 

based on personal views and previous experience of the surgeon. In this work, we performed 
an in silico clinical trial on a large number of subjects in order to clarify which factors have 

the highest importance in determining the risk of post-operative complications by 

quantitatively analysing the mechanical stresses and loads in the instrumentation after the 

correction maneuvers. The results of the simulations highlighted the fundamental role of the 

curve severity, also in its three-dimensional aspect, and of the instrumentation strategy, 

whereas the length of the fixation had a lower importance. 
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1. Introduction 

Adolescent idiopathic scoliosis (AIS) is a three-dimensional deformity of the spine appearing during puberty and 

showing largely variable severity and curve patterns among the affected individuals [1]. In select cases, AIS can 

be treated conservatively by means of physiotherapy and/or bracing, with the aim of stopping the progression of 

the curves [2]. In general, less severe curves tend to have a lower risk of progression [3]; for this reason, surgical 

correction is considered in skeletally immature subjects in which the Cobb angle in the coronal plane exceeds a 

certain threshold, typically 50 degrees [4],[5]. Nevertheless, surgical treatment is nowadays also considered in 

less severe cases, down to Cobb angles of 35 degrees [4], and leads in most cases to very good or excellent clinical 

and cosmetic results [6]. Indeed, the technologies and implants currently available to the surgeons allow for a safe 

reduction of the coronal and three-dimensional deformities while preserving a correct sagittal alignment [6]. 

The use of instrumentation, however, is associated with post-operative complications related with the challenging 
biomechanical environment, especially after the correction of severe deformities. In a systematic review of the 

literature, Weiss and Goodall described a varied but high rate of post-operative complications such as mechanical 

failure of the instrumentation, pseudoarthrosis, loosening, loss of correction, and several others [7]. Already in 

1998, Wimmer and Gluch reported eight cases of aseptic loosening of pedicle screws, which were assumed to be 

associated with micromotion [8]. More recently, Abul-Kasim et al. found a 32% rate of screw loosening in patients 

operated for AIS in a 2-years follow-up study [9]; Uehara and colleagues reported similar figures, and a tendency 

toward higher loosening rates for malpositioned screws [10]. Mechanical complications associated with the 

posterior rods are also relatively common; Flynn and coworkers observed radiographic adverse events, including 

rod breakage, loss of correction as well as proximal screw pull-out in 6.8% of patients treated with posterior 

instrumentation for Lenke type 1 AIS [11]. 

As a matter of fact, although a considerable amount of studies about the surgical treatment of AIS has been 
published, the surgical decision-making, which is aimed at maximizing the clinical outcome while minimizing the 
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risk of complications, still involves several open questions, even when restricting the options to posterior fixation 

only. The planning of the instrumentation length, the choice of the anchoring devices and their implantation 

patterns, i.e. skipping some levels or using more implants on the convex side, as well as the selection of the rod 

material and diameter remain indeed matters of debate. This lack of consensus has been highlighted in papers in 

which experienced spine deformity surgeons were asked to select the instrumentation strategy for some cases of 
AIS [12]–[14], in which a large variability in the pre-operative plannings proposed by the different experts was 

found, with obvious implications in terms of clinical outcome and occurrence of mechanical complications such 

as implant loosening and breakage. The authors attributed this variability to personal views and preferences for 

the targets for correction, to previous experience, to the inter-rater variability in the classification systems used as 

a support for the planning [1],[15] as well as to the lack of standardized strategies and rational rules based on 

biomechanical studies, which are currently relatively limited [13]. 

The aim of this paper is to provide a large set of biomechanical data to support the definition of standardized 

strategies and rules for the pre-operative planning of AIS surgery. By simulating the correction of a large number 

of AIS cases covering a wide range of severity scenarios, curve types as well as possible instrumentation strategies, 

we aimed at predicting the most important parameters determining high stresses and mechanical loads in the 

instrumentation, which were assumed to be associated with post-operative mechanical complications. 

 

2. Materials and methods 

2.1 Patients and imaging 

64 patients suffering from AIS with age ranging from 10 to 18 years old, for which biplanar radiographs acquired 

with the EOS Imaging System (EOS Imaging, Paris, France) were available from a previous clinical trial [16], 
were included in the study. Subject consent and parental permission to participate in the study and use anonymized 

data for scientific analysis were given by signing an informed consent form. Data collection and retrospective 

analysis were approved by the institutional ethical review board of IRCCS Ospedale San Raffaele and were 

performed in accordance with the Helsinki Declaration. 

The location of 55 relevant landmarks, 32 for each vertebra in the T1-L5 region and 11 for the pelvis, were 

automatically extracted from the three-dimensional reconstruction of the spinal anatomy obtained by means of 

sterEOS proprietary software (EOS Imaging, Paris, France) through a reverse-engineering approach. The extent 

and Cobb angles of all scoliotic curves, as well as the curve type based on the Lenke classification [1], were then 

automatically determined by means of purposely developed Python scripts based on the location of the landmarks. 

 

2.2 Finite element modeling 

Simple finite element models of the T1-sacrum region of all spines aimed at simulating deformity correction with 

posterior instrumentation were automatically built (Fig. 1). The models consisted exclusively of beam elements 

and simulated each vertebra and the pelvis as rigid structures, i.e. not capable of deforming under mechanical 

load, and intervertebral discs as beam elements with cross-sectional areas fitting the size of the adjacent endplates 

and fixed material properties (elastic modulus of 6 MPa, Poisson ratio of 0.45) mimicking the global behavior of 

the intervertebral disc [17]. Facet joints and ligaments were not included in the models. The posterior rods were 
modeled as beam elements with a circular section, a diameter of 5.5 mm and the material properties of titanium 

(elastic modulus of 110 GPa, Poisson ratio of 0.3). 

 

Figure 1. Six representative finite element models of the thoracolumbar spine of scoliotic subjects. For each 

model, the coronal, sagittal and axial views are shown. 

https://paperpile.com/c/0YwXwZ/Juvu+Y4Zc+a3pq
https://paperpile.com/c/0YwXwZ/VuvA+nxVm
https://paperpile.com/c/0YwXwZ/Y4Zc
https://paperpile.com/c/0YwXwZ/n55c
https://paperpile.com/c/0YwXwZ/VuvA
https://paperpile.com/c/0YwXwZ/zC6y


3 

2.3 Target configurations and instrumentation 

A large number of correction and instrumentation scenarios were simulated for each spine model. In total, 16 

target configurations, i.e. spine alignments to be obtained after deformity correction, were defined. The unaltered 

sagittal curvature with respect to the pre-correction condition was considered as baseline configuration. In addition 

to the baseline, increases of lumbar lordosis and thoracic kyphosis up to 30 degrees in steps of 10 degrees, in all 
the possible 15 permutations (0 degrees of lordosis and 10 degrees of kyphosis, 0 degrees and 20 degrees, etc.) 

were simulated. The target Cobb angle of all scoliotic curves in the coronal plane was set to zero in all 16 

configurations.  

Seven screw patterns were simulated: segmental, convex minimal, apical key vertebra, alternate, convex alternate, 

periapical dropout, convex periapical dropout (Fig. 2) [18]. For each pattern, three different locations of the upper 

instrumented vertebra (UIV) were considered, namely 4, 5, and 6 vertebrae cranially to the apex of the major 

curve; similarly, the lower instrumented vertebra (LIV) was simulated 4, 5, and 6 vertebrae caudally to the apex. 

The possible range for the instrumentation was restricted to the T1-S1 region. In total, 63 simulations were 

conducted for each target configuration, resulting in 1008 simulations for each subject, except for cases in which 

the location of the apex determined positions of UIV and/or LIV outside of the allowed instrumentation range. 

For each of the simulations, the ideal contour of the posterior rods was geometrically calculated based on the 

position of the pedicles after correction and on the instrumentation length. 

 

 

Figure 2. The seven screw patterns investigated: segmental (S), convex minimal (C_M), apical key vertebrae 

(A_P_K), alternate (A), convex alternate (C_A), periapical dropout (P_D), convex periapical dropout 
(C_P_D). UIV: upper instrumented vertebra; APEX: apex of the curve with the largest Cobb angle; LIV: lower 

instrumented vertebra. 

 

Surgical correction of the deformity by means of polyaxial screws and posterior rods was modeled using an 

established approach [19],[20], appropriately adapted to the beam models used in the current study. In brief, in 

the first loading step the nodes corresponding to the center of the pedicles were displaced so that their final position 

matched the position of the pedicles in the target configuration; in the second step, these boundary conditions 

were released and kinematic couplings between the nodes of the pedicles and the closest nodes on the posterior 

rods were defined. As a result, the elastic energy due to the deformation imposed in the first step, not constrained 

anymore by the nodal boundary conditions at the pedicles, determined the strains and stresses in the 
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instrumentation which were the subject of the present study. Rotational degrees of freedom were not constrained 

at the screw-rod junction, thus effectively modeling the biomechanical effect of polyaxial screws. 

2.4 Data analysis and statistics 

Data analysis and visualization were performed by means of custom Python scripts, taking advantage of free SciPy 

(https://www.scipy.org/) and Seaborn (https://seaborn.pydata.org/) software. The metrics which were used for the 
quantitative comparison between the different curve severity, types, and instrumentation strategies were: (1) the 

maximal stress in the posterior rods after deformity correction; (2) the maximal magnitude of the force between 

pedicle screws and posterior rods, measured as the load transmitted by the kinematic couplings; (3) the 

craniocaudal position of the maximal rod stress with respect to the apex of the curve with the largest Cobb angle 

in the coronal plane; (4) the craniocaudal position of the maximal screw-rod interaction force with respect to the 

apex. The features which were considered as possible predictors for the metrics were: Lenke type [1]; largest Cobb 

angle in the coronal plane; screw pattern; apical vertebra of the curve with the largest Cobb angle; rotation in the 

transverse plane of the apical vertebra; upper and lower vertebrae of the curve with the largest Cobb angle; side 

of the convexity (levoscoliosis or dextroscoliosis); UIV; LIV; change in the lumbar lordosis in the target 

configuration with respect to the pre-correction configuration; change in the thoracic kyphosis. 

The importance of these features in determining the maximal rod stress and screw-rod interaction force was 

determined by means of a gradient boosting regression model [21],[22]. In addition, after checking the non-
normality of the distributions, Kruskal-Wallis tests were performed to assess the differences in instrumentation 

stresses and forces due to Lenke type, Cobb angle in the coronal plane and apical rotation, as well as for the 

different screw patterns and instrumentation lengths. In case of significance, Wilcoxon rank-sum tests with 

Bonferroni correction to account for multiple comparisons were then performed to detect the differences between 

the groups. To this purpose, the scoliotic spines were stratified by Cobb angle and by apical rotation with bins 

having width of 5 degrees.  

 

3. Results 

The most important features for the determination of the maximal rod stress were, in descending order, Cobb 

angle, screw pattern, apical rotation, and Lenke type, whereas all other factors had importance lower than 5% with 

respect to the Cobb angle (Fig. 3a). Regarding the maximal screw-rod force, the most relevant feature was the 
screw pattern, followed by Cobb angle and apical rotation; upper and lower end vertebrae of the largest curve, 

UIV and Lenke type had also a non-negligible importance (Fig. 3b). 

 

 

Figure 3. Relative importance of the features in determining the maximal stress in the rods (a) and the maximal 

force at the screw-rod interface (b). “Lenke”: Lenke type; “Cobb”: Cobb angle in the coronal plane of the 

largest curve; “sc. pat.”: screw pattern; “in. len.”: instrumentation length; “apex”: location of the apex of 

the largest curve; “apex rot.”: rotation of the apex in the transverse plane; “u. cur.”: upper end vertebra of 

the deformity; “l. cur.”: lower end vertebra of the deformity; “UIV”: upper instrumented vertebra; “LIV”: 

lower instrumented vertebra; “lord.”: change in lumbar lordosis with respect to the pre-operative condition; 

“kyph.”: change in thoracic kyphosis. 
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Increasing apical rotation determined increases in both maximal rod stress and screw-rod force (Figs. 4a, 4c). The 

median stresses and forces for the highest apical rotations (>30 degrees) showed respectively a 2.8- and 1.6-fold 

increase with respect to those for rotations lower than 5 degrees. Strong statistical significance was found for all 

comparisons between groups, with a few exceptions (Figs. 4b, 4d). 

 

Figure 4. Distribution plots showing the maximal rod stress (a) and maximal screw-rod force (c) with respect 

to the transverse rotation of the apex of the largest curve. Heatmaps and p-values of the statistical comparisons 

between groups regarding the maximal rod stress (b) and the maximal screw-rod force (d). 

 

A similar pattern was found for the maximal Cobb angle in the coronal plane, which was strongly associated with 

increases in both rod stress and screw-rod force (Fig. 5a, 5c); in this case, increases in Cobb angle determined 
higher changes in maximal rod stresses (2-fold increase for angles greater than 75 degrees with respect to those 

lower than 40 degrees) than those in maximal screw-rod forces. Statistical significance was found for the large 

majority of comparisons between groups (Figs. 5b, 5d), with a few exceptions. 
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Figure 5. Distribution plots showing the maximal rod stress (a) and maximal screw-rod force (c) with respect 

to the Cobb angle of the largest curve in the coronal plane. Heatmaps and p-values of the statistical 

comparisons between groups regarding the maximal rod stress (b) and the maximal screw-rod force (d). 

 

The effect of screw pattern and Lenke type on maximal stresses and forces was more subtle in comparison with 

apical rotation and Cobb angle (Figs. 6, 7). In general, the segmental screw pattern was associated with higher 

stresses and forces. The other patterns determined rather similar maximal stresses (Fig. 6a), although the large 

number of simulations allowed for strong statistical significance even if the differences in median values were 

low (Fig. 6c). Regarding the maximal screw-rod forces (Fig. 6b), the differences between screw patterns emerged 

more clearly. The segmental pattern determined the highest forces (median value of 295 N), followed by convex 
minimal, convex alternate and convex periapical dropout (median values of 240-250 N). Apical key vertebrae and 

alternate patterns induced the lowest values of maximal forces (140-150 N). 

The Lenke types which were associated with highest stresses and forces were 2, 4 and 6; nevertheless, the 

differences in median values with respect to the other types were relatively low (Figs. 7a, 7b). Due to the high 

number of samples, the small differences were sufficient to determine strong statistical significance for most group 

comparisons (Figs. 7c, 7d). 
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Figure 6. Distribution plots showing the maximal rod stress (a) and maximal screw-rod force (c) with respect 

to the screw pattern. Heatmaps and p-values of the statistical comparisons between the different screw patterns 

regarding the maximal rod stress (b) and the maximal screw-rod force (d). “S”: segmental; “C_M”: convex 

minimal; “A_K_V”: apical key vertebrae; “A”: alternate; “C_A”: convex alternate; “P_D”: periapical 

dropout; “C_P_D”: convex periapical dropout. 

 

The positions of the maximal rod stress and of the maximal screw-rod force with respect to the apex of the major 

curve showed distinct behaviors (Fig .8). For both metrics, the position with the highest occurrence was the apical 

vertebra itself; however, whereas the distribution of the location of the maximal rod stress resembled a bell curve 

centered on the apex (Fig. 8a), the maximal screw-rod forces were distributed across the whole instrumentation 

length, including its proximal ends (Fig. 8b). 
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Figure 7. Distribution plots showing the maximal rod stress (a) and maximal screw-rod force (c) with respect 

to the Lenke type. Heatmaps and p-values of the statistical comparisons between the different Lenke types 

regarding the maximal rod stress (b) and the maximal screw-rod force (d). 

 

 

Figure 8. Frequency plot of the position of the maximal rod stress (a) and of the maximal screw-rod force (b) 

with respect to the apex of the largest curve. Negative values (-1, -2, etc.) indicate the vertebrae above the apex, 

i.e. proceeding in the cranial direction, whereas positive values (+1, +2, etc.) indicate the vertebrae caudal to 

the apex. 
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4. Discussion 

In this paper, we estimated the relevance of several features describing the pre-operative shape of the spine, the 

targets for the surgical correction of the deformity as well as the surgical instrumentation in determining the 

mechanical stresses and loads in the instrumentation due to the correction maneuvers. In general, the most 

important predictors of high stresses were the rotation in the transverse place of the apical vertebra, the maximal 
Cobb angle in the coronal plane, and the screw pattern. Other predictors, such as Lenke type and UIV, had also a 

non-negligible importance. Such findings were obtained by means of a large simulation campaign on a high 

number of subjects and considering several instrumentation strategies and target configurations, with a general 

approach more influenced by big data analytics rather than by the consolidated techniques used in biomechanics. 

As a matter of fact, the present study constitutes an in silico clinical trial, a novel paradigm for the assessment of 

medical devices and surgical techniques which is already having a heavy impact on scientific studies and the 

medical industry [23],[24]. To our knowledge, this study constitutes the first in silico clinical trial about AIS 

correction. 

As mentioned above, the simulations highlighted the importance of some features in determining instrumentation 

stresses and loads, which in turn have a direct impact on the risk of complications such as loosening and breakage. 

The mechanical relevance of the severity of the deformity, and in particular of the apical rotation, is well described 

in the scientific literature. The analysis of the vertebral rotation in coronal radiographic projections has been 
documented for decades [25]–[27], and although the pathogenesis of scoliosis remains unclear [28],[29], the 

potential role of vertebral rotation and of the three-dimensional aspect of the deformity has been highlighted in 

this respect [26],[30]. As a matter of fact, the determination of the apical rotation has become a fundamental step 

in the current workflow for the pre-operative planning of AIS correction [31],[32], especially after the introduction 

of precise three-dimensional reconstructions of the vertebral anatomy based on biplanar radiographic systems 

[31],[33]. The current results highlighted the critical importance of the apical rotation, and demonstrated that its 

surgical management is one of key issues, perhaps the most important at all, to be considered in the pre-operative 

planning phase. 

Another fundamental feature was the screw pattern, which was especially critical in determining the screw-rod 

interaction force. In a study about 279 patients with Lenke 1 AIS [18], i.e. a main thoracic curve, the authors 

analyzed how the different screw patterns as well as the instrumentation length influence the degree of achieved 
correction, and showed that the screws in the apical concavity were the most strongly associated with curve 

correction. On the contrary, the global implant density had a more limited impact, consistently with other studies 

[34]–[36]. In other words, low-density scenarios had a good correction potential if they included screws in the 

concave side of the apical region. Although in the current study we did not directly investigate the capability of 

correction of the various screw patterns, we did not find large differences among the patterns in which the apex 

and the adjacent vertebrae were completely instrumented on the concave side (convex minimal, convex alternate, 

periapical dropout, convex periapical dropout), whereas other patterns with lower density determined lower 

stresses and loads (alternate, apical key vertebrae). Assuming that the higher loads are associated with a better 

capability of correction, our simulations confirmed the importance of instrumenting the apical and immediately 

adjacent vertebrae on the concave side. 

The biomechanical analysis of the surgical correction of AIS remains largely unexplored, and any quantitative 

comparison of the current data with analogous results has thus necessarily a limited extent. In a pioneering study, 
a research group at École Polytechnique de Montréal published values of the reaction forces at the implant-

vertebra links, which resulted generally higher than the forces predicted in the current study, having peak values 

at around 1000 N [37]. In a successive study of the same group, Wang et al. reported bone-screw forces up to 

approximately 500 N in polyaxial screws in 10 AIS patients with an average value of 141 N [38]. We here 

predicted maximal and average correction forces of 677 and 74 N respectively, which are in general consistent 

with the literature results; our lower average force could be partially attributed to the fact that Wang and colleagues 

simulated only the segmental screw pattern, which is associated with higher forces (Fig. 6c). Indeed, the same 

research group reported correction forces on average 50% higher in instrumentations with high implant density in 

comparison with those with less pedicle screws [39]; in the present study, we found an average force of 96 N 

when restricting the analysis to the segmental configurations. In a more recent study, Clin et al. simulated a total 

of 150 clinical AIS correction scenarios on five patients and predicted average forces of 99 and 96 N for the high-
density and low-density scenarios respectively [40]. Salmingo et al. reported values of correction forces in similar 

ranges (average of 125 N, maximum of 375 N) in 6 patients in which AIS was corrected with high-density screw 

patterns [41].  

The Canadian research group also investigated other biomechanical quantities less directly comparable with the 

current data. Robitaille and colleagues simulated various instrumentation strategies in five AIS patients by means 

of a biomechanical model including rigid elements as well as deformable structures [42]. The simulations were 

not aimed at the prediction of the instrumentation stresses, but at calculating a “cost function” describing the 
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quality of the achieved correction in three-dimensional terms. A similar model was used in another study, which 

focused on the evaluation of correction targets on the instrumentation strategy [43]. Several other papers by 

various research groups described the simulation of AIS correction in specific patients or in a small set of subjects 

by means of finite element models [44]–[49], but to our knowledge no one reported data which can be directly 

compared with the present ones. 

The simple beam-based modeling approach employed in this study has several limitations, which should be 

accounted for in light of the need for the full automatization of model generation, execution and postprocessing. 

Indeed, automated scripts proved to be a necessity for the management of such a large population and of a high 

number of target configurations and instrumentation strategies; as a matter of fact, automatization is a key issue 

in large-scale in silico trials [24]. Vertebrae were considered as rigid; intervertebral discs were modeled with a 

single beam element with patient-independent material properties not accounting for the alterations due to the 

deformity [50]; facet joints and ligaments were neglected; the presence of the rib cage was not considered as well. 

These simplifications definitely had an impact on the results, as shown by numerous papers in which the 

importance of these anatomical structures was highlighted [51]–[55]. It should be noted that some of these 

limitations are shared with several available models of scoliosis correction, which also include rigid or beam 

elements and have a variable degree of sophistication [37],[38],[44]. With respect to the rigid-body models 

developed by the Montréal group, we did not account for the specific correction maneuvers, but we simply 
imposed displacement boundary conditions to replicate, in a simplified way, the final corrected configuration. 

Despite all these limitations, the present dataset constitutes a highly valuable resource, especially considering that 

its size largely exceeds, in terms of both number of patients and surgical strategies, any biomechanical study about 

AIS correction previously published. 

In conclusion, the fully automated simulation framework here described, which was employed on a large 

population of subjects with different curve types and severities, demonstrated that apical rotation, Cobb angle in 

the coronal plane and screw pattern are the most important predictors of high stresses and loads in the 

instrumentation after AIS correction. We believe that such large campaigns of biomechanical simulations, and in 

silico clinical trials in general, have an enormous potential for the study of AIS and for other pathologies exhibiting 

a high degree of inter-subject variability. 
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