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Abstract 

Objectives: This study aimed to estimate post-operative rod angles in both concave and convex sides 
of scoliosis curvature in patients who had undergone posterior surgery, using neural networks and 
support vector machine (SVM) algorithms. 

Methods: Radiographs of 72 scoliotic individuals were obtained to predict post-operative rod angles at all fusion 
levels (all spinal joints fused by rods). Pre-operative radiographical indices and pre-operatively resolved net joint 
moments of the apical vertebrae were employed as inputs for neural networks and SVM with biomechanical 
modeling using inverse dynamics analysis. Various group combinations were considered as inputs, based on the 
number of pre-operative angles and moments. Rod angles on both the concave and convex sides of the Cobb angle 
were considered as outputs. To assess the outcomes, root mean square errors (RMSEs) were evaluated between 
actual and predicted rod angles. 

Results: Among eight groups with various combinations of radiographical and biomechanical parameters (such as 
Cobb, kyphosis, and lordosis, as well as joint moments), RMSEs of groups 4 (with seven radiographical angles in 
each case, which is greater in quantity) and 5 (with four radiographical angles and one biomechanical moment in 
each case, which is the least possible number of inputs with both radiographical and biomechanical parameters) 
were minimum, particularly in prediction of the concave rod kyphosis angle (errors were 5.5° and 6.3° for groups 4 
and 5, respectively). Rod lordosis angles had larger estimation errors than rod kyphosis ones. 

Conclusion: Neural networks and SVM can be effective techniques for the post-operative estimation of rod angles 
at all fusion levels to assist surgeons with rod bending procedures before actual surgery. However, since rod lordosis 
fusion levels vary widely across scoliosis cases, it is simpler to predict rod kyphosis angles, which is more essential 
for surgeons. 

        Level of evidence: IV 

        Keywords: Biomechanical modeling, Cobb angle, Neural networks, Posterior surgery, Rod kyphosis 

 
 

Introduction

here has been a growing concern over the 
examination of scoliosis deformities, which affect 2-
4% of adolescents and affect females 10 times more 

often than males.1 for the treatment of scoliosis in 
adolescents with a Cobb angle greater than 40° or 50° at 
bone maturation, surgical procedures are performed.2,3 

One popular technique is posterior fusion surgery, which 
fixes and corrects vertebrae with rods. Therefore, the 
properties of the fixation rod, such as the material and 
curvature angles, which affect corrective forces and 
moments acting on the spine, are an important factor in 
accurately correcting scoliosis deformity.4,5  
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Some studies have examined the impact of surgical rod 
contouring using biomechanical models and estimating 
corrective forces to examine their effects on scoliosis 
deformity correction in posterior surgery.4,6,7 Some studies 
employed the modeling of scoliotic spines and rods from 
biplanar two-dimensional (2D) radiographs to examine rod 
curvatures in scoliosis surgery.8,9 Furthermore, three-
dimensional )3D) printed prototypes of patients’ vertebrae 
were used for rod and screw placement as an aid in 
kyphoscoliosis surgery.10 Nevertheless, these methods are 
time-consuming and have a limited number of cases for 
offering general outcomes.  

The association between pre-operative spinal and pelvic 
parameters and post-operative measures, which can be 
used as assistance for rod curvatures, has been determined 
statistically in some other studies.3,11,12 Some statistical 
studies found a relationship between post-operative Cobb 
and thoracic kyphosis (TK) angles and pre-operative 
parameters,12,13 particularly with the use of pre-operative 
side-bending and traction radiographs.14,15 A previous 
study also compared the effect of pre-bent, notched, and 
notch-free rods on scoliosis correction.16 However, a 
particular weakness of these investigations is the absence 
of computing rod curvature angles at each fusion level of the 
spine. 

Machine learning methods have also been used for the 
detection of scoliosis and its treatment methods in 
radiographs,17,18 the definition of spinal fusion patterns 

and the scoliosis Lenke classification,19,20 quick 
localization and segmentation of spine vertebrae and 
spinal cord in patients’ medical images,21-23 scoliosis 
curve flexibility classification (structural or non-
structural),24 and the prediction of rod kyphosis in Lenke 
5 patients following posterior scoliosis surgery.25 
Nevertheless, these studies did not predict all fusion 
levels (all spine vertebral levels fused by surgical rods and 
screws) of post-operative rod kyphosis and lordosis 
angles on both concave and convex sides.  

Our prior study aimed to predict post-operative main 
thoracic Cobb (MTC) and TK angles in scoliosis correction 
surgery using the Adaptive Neuro-Fuzzy Interface 
System.26 The purpose of this study is to estimate the 
post-operative concave and convex rod angles at all 
fusion levels in adolescent idiopathic scoliosis (AIS) 
patients using the combination of an artificial neural 
network (ANN) and support vector machine (SVM), with 
a number of arrangements in pre-operative clinical and 
biomechanical parameters of the spine. It is hypothesized 
that our approach provides a more accurate tool than 
statistical methods and yet an easier tool than developed 
biomechanical modeling methods to estimate post-
operative concave and convex rod curvature angles for 
surgeons. The detailed abbreviations used in this study 
are listed and described in [Table 1]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Materials and Methods 
  This is a retrospective study using radiographical and 
biomechanical parameters and machine learning methods to 
estimate post-operative rod curvature angles at all estimated 

fusion levels of posterior scoliosis correction surgery. 

Collection and Analysis of Patients’ Radiographs 
  The biplanar EOS imaging system, which has the ability to 
perform low-dose radiography in both frontal and sagittal 

Table 1. Description of abbreviations used in the study 

Abbreviation Definition   

ANN Artificial neural networks 

SVM Support vector machine 

PTC Proximal thoracic Cobb 

MTC Main thoracic Cobb 

TLC Thoracolumbar Cobb 

PI Pelvic incidence 

TK Thoracic kyphosis 

LL Lumbar lordosis 

T1SPi T1-SpinoPelvic inclination 

Mfe Moment of spine flexion/extension 

Mlb Moment of spine lateral bending 

Mar Moment of spine axial rotation 

RMSE Root mean square error 

RKcc Rod kyphosis on the concave side 

RKcv Rod kyphosis on the convex side 

RLcc Rod lordosis on the concave side 

RLcv Rod lordosis on the convex side 
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views,27,28 was used to collect pre- and post-operative 
radiographs of 72 scoliotic patients (12 males and 60 
females) of different Lenke types with lumbar modifiers A, B, 
and C at the ages of 17±4 years who received posterior 
scoliosis correction surgery from spine surgery specialists. 
Overall, 49 patients were Lenke A (with a mean MTC angle of 
62.0°), and the other 23 were Lenke B and C (with a mean 
thoracolumbar Cobb [TLC] angle of 49.4°). 
Ethical approval was received from the Ethics Committee for 
receiving and performing analysis on scoliotic patients’ EOS 
radiographs under letter No. IR.IUMS.REC.1398.1162, dated 
02/22/2020. Therefore, the standards laid down in the 
Declaration of Helsinki have been adhered to. Informed 
consent was also obtained from all patients. 
  Pre-operative radiographical indices were measured in EOS 
radiographs using Surgimap (version 2.3.2.1, Nemaris Inc., 
New York, USA), including proximal thoracic Cobb (PTC), 
MTC, TLC, TK from T1 to T12, lumbar lordosis from L1 to S1, 
pelvic incidence, and T1 spinopelvic inclination (T1SPi) 
angles [Figure 1a]. Moreover, rod kyphosis and lordosis 
angles were calculated by measuring concave and convex 
rod angles (in rods with a circular diameter of 5.5 mm) at all 
fusion levels using post-operative radiographs. In Surgimap, 
rod and line tools were used to measure rod angles at each 
fusion level between pedicle screws. To identify concave and 
convex sides in the rods, the frontal view of post-operative 
images was examined in addition to their sagittal view. In 
fact, the combination of both views helped to identify 
concave and convex rods, as illustrated in [Figures 1c and 
1d]. Due to the coincidence of concave and convex rod 
contours in the sagittal view of post-operative scoliosis 
radiographs, the convex side contour was transferred 
manually in Figure 1c to illustrate both sides separately.  

Biomechanical Modeling and Analysis   
  The OpenSim software (version 4.4, SimTK, Stanford, USA) 
was used to generate scoliosis deformity models based on 

biplanar radiographs using a developed thoracolumbar 
spine model. In fact, the model contained every 
intervertebral joint from T1-T2 to L5-S1 level, with three 
degrees of freedom for each level, including 
flexion/extension (Mfe), lateral bending (M1b), and axial 
rotation (Mar).29,30 
  Surgimap was used to quantify pre-operative vertebral 
angles from T1 to S1 levels in frontal and sagittal 
radiographs, and these measurements were then applied to 
the OpenSim model as an input motion file. The motion file 
contained all vertebral angles from T1 to S1, including T1-T2 
to L5-S1 Mfe, M1b, and Mar. As can be seen in Figure 1b, the 
local coordinate system of each vertebral joint (based on 
anatomical axes) was used to calculate vertebral angles. 
Thereafter, vertebral net joint moments, including Mfe, Mlb, 
and Mar moments, were calculated using inverse dynamic 
analysis. This analysis calculates net moments from external 
moments (moments due to weights of the upper body above 
vertebrae) with static equilibrium of moments. Specifically, 
the net moment of the apical vertebral joint was used for the 
neural network analysis [Figure 1b]. The following equation 
is an example of moment calculation in the apical vertebral 
joint:   
 

  Where N is the total number of spinal joint levels above the 
apical vertebrae, m is the mass of each spinal level, which is 
calculated based on anthropometry data of the total body 
mass of the case in OpenSim software, L is the distance from 
the vertebral center of the mass to its lower spinal joint, g is 
the gravity acceleration, and θ is the vertebral angle with 
respect to the horizontal axis, which is measured in patients’ 
radiographs in Surgimap software. In addition, Mext_load is the 
external moment due to the external weights of other body 
parts, such as the head, shoulders, or other parts, which is 
calculated in OpenSim using anthropometry data of the case.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. a. Pre-operative radiographic indices, b. Net moments of the apical vertebral joint, c. Post-operative, level-by-level rod curvature 
angles, and d. Schematic of concave and convex rods with illustration of rod kyphosis and lordosis angles 
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  An ANN was trained and tested on pre- and post-operative 
datasets to predict post-operative concave and convex rod 
curvatures at all fusion levels. The ANN inputs included pre-
operative parameters (namely, PTC, MTC, TLC, PI, TK, LL, 
T1SPi, Mfe, Mlb, and Mar), and the outputs included rod 
curvature angles at 34 spinal levels from T1 to S1 (17 levels 
for the concave and 17 levels for the convex side). The 
estimation errors were calculated with one or two hidden 
layers in addition to ANN input and output layers, with a 
different number of neurons (error calculation using trial-
and-error with a different combination of hidden layers). 
During the trial-and-error procedure, the root mean square 
error (RMSE) was at its minimum in the situation with five 
neurons in the first layer and 15 neurons in the second layer. 
It might be due to the number of ANN outputs (34 spinal joint 
levels, 17 for the concave and 17 for the convex side) that the 
second hidden layer had more neurons than the first one. The 
activation function of neurons was defined as their sigmoid 

function. To distinguish rod angles in ANN outputs, rod 
kyphosis and lordosis angles were assumed to have positive 
and negative values, respectively. 
  The diagnosis of upper and lower fusion levels of concave 
and convex rods was performed using SVM with a kernel of 
type radial basis function (RBF). The RBF kernel is a popular 
choice due to its flexibility in modeling complex, non-linear 
relationships in data. Moreover, its construction is similar to 
that of a normal (gaussian) distribution, which is common in 
data distribution analysis.  
  ANN and SVM inputs were equivalent in pre-operative 
parameters, such as PTC, MTC, TLC, PI, TK, LL, T1SPi, Mlb, 
MFe and Mar. There were two values in SVM outputs: 0 
represented the spinal level that was not fused, and 1 
represented the fused level. SVM was evaluated and trained 
to identify all fused levels for each spinal level, and thus the 
upper and lower fusion levels of concave and convex rods 
could subsequently be anticipated. The flowchart of the 
ANN+SVM algorithm can be seen in [Figure 2].  

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

Figure 2. Flowchart of the ANN+SVM structure for estimating post-operative rod curvature angles 

 
  The percentage of train and test data was taken into account 
for both ANN and SVM analyses at 85% and 15%, 
respectively. Most of the dataset is used to train the network, 
and a part of it is used to test the network and figure out how 
it can predict outputs for new inputs that are not used in 
training it. In this study, because of the limited number of 

cases, 85% of the dataset (pre-operative scoliosis 
parameters and post-operative rod angles) was used to train 
neural networks, and 15% was used to test it. In a larger 
number of cases, this proportion can change to 80%-20%, 
75%-25%, or 70%-30%. 
  ANN might predict rod angle values for spinal levels that do 
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not necessarily need to be fused by the rod. SVM predicts 
fused and unfused levels as values 1 and 0, respectively. 
Therefore, to estimate rod angles at the anticipated fusion 

levels, the results of ANN and SVM were multiplied together 
to remove predictions of ANN for unfused levels when 
multiplied by zero. The differences between the actual and 

predicted values of rod curvatures in both kyphosis and 
lordosis angles can thus be used to quantify estimation 
errors. Rod angles and RMSE are defined as follows:  
 

 

 

 
  Where θk and θL represent rod kyphosis and lordosis angles 
at each fusion level, respectively, cc and cv are related to the 
concave and convex sides, respectively. The total rod 
kyphosis angle on both sides (RKcc and RKcv for concave and 
convex, respectively) was calculated as the sum of θk angles 
at all kyphosis levels. Similarly, the total rod lordosis angle on 

both sides )RKcc and RKcv) was calculated as the sum of θL 
angles at all lordosis levels. Subsequently, the RMSE of total 
rod angles (RMSERA) was defined between actual and 
predicted angles in both rod kyphosis and lordosis. 
Moreover, n represents the number of scoliotic cases 
considered in the error calculation (10 cases for the test).  
  Different arrangements of pre-operative parameters in 
eight groups were considered as inputs for both ANN and 
SVM [Table 2]. The 34 outputs (17 levels for the concave and 
17 for the concave side) were θk-cc, θL-cc, θk-cv, and θL-cv angles, 
where θk angles were assumed to be positive and θL angles 
were assumed to be negative values to distinguish between 
estimating rod kyphosis and lordosis angles. Figure 3 
illustrates the parameters of rod angles on concave and 
convex sides used in the formulae mentioned [Figure 3]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Visual representation of the concept of rod angles on concave and convex sides: RKcc (rod kyphosis in concave side), RKcv (rod kyphosis in 

convex side), RLcc (rod lordosis in concave side), and RLcv (rod lordosis in convex side), θk-cc (rod kyphosis angle in concave side for one fusion level), 

θk-cv (rod kyphosis angle in convex side for one fusion level), θL-cc (rod lordosis angle in concave side for one fusion level), and θL-cv (rod lordosis 

angle in convex side for one fusion level)

 

Table 2. Classification of pre-operative parameters as ANN+SVM inputs in eight groups 

Group number Description  ANN+SVM inputs (pre-operative clinical indices) 

Group 1 Four radiographical angles  MTC, PI, TK, and T1SPi 

Group 2 Five radiographical angles MTC, PI, TK, LL, and T1SPi 

Group 3 Six radiographical angles PTC, MTC, TLC, PI, TK, and T1SPi 

Group 4 Seven radiographical angles PTC, MTC, TLC, PI, TK, LL, and T1SPi 

Group 5 Four radiographical angles + One biomechanical moment MTC, PI, TK, T1SPi, and Mlb 

Group 6 Five radiographical angles + One biomechanical moment MTC, PI, TK, LL, T1SPi, and Mlb 

Group 7 Five radiographical angles + Two biomechanical moments MTC, PI, TK, LL, T1SPi, Mfe, and Mlb 

Group 8 Five radiographical angles + Three biomechanical moments MTC, PI, TK, T1SPi, Mfe, Mlb, and Mar 
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Results 
RMSE Values in Estimating Rod Angles 
  In most groups, the RMSE values of rod lordosis angles 
(RLcc and RLcv for concave and convex, respectively) were 
higher than those of kyphosis angles (RKcc and RKcv). 
Nevertheless, when Lenke A cases were examined, the RMSE 
of rod lordosis became lower than that of other Lenke types. 
Moreover, in most groups, the RMSE of RKcc was higher than 
that of RKcv. Groups 4 and 5 of all Lenke types and groups 7 
and 8 of Lenke A cases had the lowest RMSE in RKcc, as 
illustrated in [Figures 4a and 4b]. RKcc is usually more 
important than RKcv for surgeons, as they usually attempt to 
correct scoliosis deformity by applying concave rod kyphosis 

at first. 
  Overall, 10 test cases (15% of the total 72) from groups 4 
and 5 were specifically evaluated as samples of the lowest 
RMSE in RKcc prediction. In the majority of test cases, the 
RMSE of RKcc was lower than that of RKcv, and the RMSE of 
rod kyphosis was lower than that of lordosis, as illustrated in 
[Figures 4c and 4d]. Test cases 1 and 2 in group 4 and test 
cases 8 and 10 in group 5 were chosen as two sample cases 
from each group for additional rod curvature analysis (two 
cases with an almost lower and higher RMSE in each group). 

 
 

 

 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 4. RMSE values for post-operative rod angle estimations (RKcc, RKcv, RLcc, and RLcv), a. for all Lenke type cases in eight groups, b. for Lenke A 

cases in eight groups, c. for test cases in group 4, and d. for test cases in group 5 

 
Prediction of Post-Operative Rod Curvature Angles 
  Test cases 1 and 2 in group 4 were of Lenke A and C types, 
respectively. The actual and predicted concave and convex 
rod curvatures in these cases are depicted in [Figure 5]. The 

values of actual and predicted rod level angles (positive for 
rod kyphosis and negative for rod lordosis) are also shown in 
[Table 3].  
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Table 3. Comparison of actual and predicted values of the concave and convex rod angles at different spinal levels in two test cases in group 4 

 Test case 1 from group 4 

 

Test case 2 from group 4 

Spinal levels 
Concave-

predicted angle 
(degrees) 

Convex-
predicted angle 

(degrees) 

Concave-
actual angle 

(degrees) 

Convex-
actual angle 

(degrees) 

Concave-
predicted angle 

(degrees) 

Convex-
predicted angle 

(degrees) 

Concave-
actual angle 

(degrees) 

Convex-
actual angle 

(degrees) 

T1-T2 - - - - - - - - 

T2-T3 2.7 2.5 - - 4.5 2.5 - - 

T3-T4 4.1 3.5 - - 4.8 4.7 8.1 4.4 

T4-T5 3.1 4.6 3.3 1.8 3.9 6.2 0.5 7.4 

T5-T6 3.8 3.8 1.3 3.5 3.6 4.6 1.5 4.1 

T6-T7 3.5 4.1 2.9 2.7 5.1 6.3 3.6 3.8 

T7-T8 2.9 4.5 2.7 3.1 5.3 6.8 8.2 3.5 

T8-T9 1.7 2.6 1.9 3.8 4.0 3.5 5.8 -1.1 

T9-T10 0.7 2.2 2.3 4.4 3.1 3.4 4.1 1.6 

T10-T11 0.0 1.9 3.2 2.7 0.9 1.0 3.1 3.4 

T11-T12 -1.4 -0.5 -2.7 -2.7 -1.5 1.4 -1.0 2.5 

T12-L1 -3.4 -3.2 -8.6 -8.2 -0.5 -1.1 -5.8 -2.5 

L1-L2 -4.8 -2.4 - - -5.4 -7.1 -11.2 -6.6 

L2-L3 -3.5 -1.9 - - -7.7 -8.2 -15.9 -7.5 

L3-L4 - - - - - - -9.0 -9.7 

L4-L5 - - - - - - - - 

L5-S1 - - - - - - - - 

Total rod kyphosis 
(degrees) 

22.5 29.6 17.6 22.0 35.0 40.5 34.9 31.8 

Total rod lordosis 
(degrees) 

-13.2 -8.0 -11.3 -10.9  -15.2 -16.5 -42.9 -26.3 

  Lenke 1A, which is nearly S-shaped, and Lenke 2A, which is 
nearly C-shaped, were test cases 8 and 10 in group 5, 
respectively. The actual and predicted concave and convex 
rod curvatures of these cases are illustrated in Figure 6, with 
their fusion level angles in [Figure 6, Table 4]. The 
description of all test cases is presented in [Table 5]. 
  Generally, by comparing rod curvatures in Figures 5 and 6, 
decreasing or increasing rod kyphosis or lordosis angles 
almost follow identical trends between actual and predicted 
rods. However, some areas, such as first or last fusion levels 
and rod lordosis angles, demonstrate some differences, as 
indicated in [Tables 3 and 4]. The total rod kyphosis and 
lordosis angles for the four test cases, along with actual and 
predicted values, are presented in the last two rows of Tables 
3 and 4, respectively, which further indicates that the 
differences in actual and predicted values of total rod angles 
in the four test cases are more obvious in rod lordosis 
regions. Kyphosis angles are considered positive, and 
lordosis angles are considered negative; therefore, the 
summation of positive angles in each column equals the total 
rod kyphosis (in the row before the last), and the summation 

of negative angles equals the total rod lordosis (in the last 
row). 

Discussion 
Analysis of the Results 
  The estimation of rod kyphosis angles is very important and 
helpful for surgeons16 since they usually attempt to fix the 
thoracic Cobb angle and turn it into TK if possible, which 
would be conceivable by the rod kyphosis angle. As a result, 
rod lordosis is more changeable across different cases, and 
estimation errors would be greater in lordosis regions. 
Moreover, RKcc is a critical rod angle since surgeons usually 
attempt to fix the patient’s TK by rod kyphosis of the concave 
side at first and then stabilize it with the convex rod.7,31,32 The 
RMSE of test data for RKcc was almost the lowest in groups 4 
and 5 of all Lenke types Figures 4a and 4b, which can be due 
to the effect of considering more pre-operative 
radiographical indices of the scoliotic spine in group 4 and 
the M1b moment effect in group 5.  
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Figure 5. Illustration of a. pre-operative radiographs, b. actual rod curvatures, and c. predicted rod curvatures for test case 1 in group 4. Similarly, d., 

e., and f. for test case 2 in group 4 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Illustration of a. pre-operative radiographs, b. actual rod curvatures, and c. predicted rod curvatures for test case 8 in group 5. Similarly, d., 

e., and f. for test case 10 in group 5 
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Table 4. Comparison of actual and predicted values of the concave and convex rod angles at different spinal levels in two test cases in group 5 

 Test case 8 from group 5 

 

Test case 10 from group 5 

Spinal levels 
Concave-

predicted angle 
(degrees) 

Convex-
predicted angle 

(degrees) 

Concave-
actual angle 

(degrees) 

Convex-
actual angle 

(degrees) 

Concave-
predicted angle 

(degrees) 

Convex-
predicted angle 

(degrees) 

Concave-
actual angle 

(degrees) 

Convex- 
actual angle 

(degrees) 

T1-T2 - - - - - - - - 

T2-T3 2.4 2.1 9.4 9 3.7 4.6 4.3 2.9 

T3-T4 3.0 2.6 0.1 1.1 3.3 5.0 4.0 3.2 

T4-T5 2.3 2.8 1 1.8 1.2 4.0 4.2 5.0 

T5-T6 2.6 3.5 4.7 6.9 2.8 4.5 3.8 5.1 

T6-T7 3.4 4.1 2.6 5.3 4.6 5.7 2.9 5.2 

T7-T8 3.4 5.2 2.4 5.6 3.8 5.9 2.6 4.7 

T8-T9 2.4 3.2 0.2 2 3.3 3.9 1.5 3.0 

T9-T10 1.9 2.8 0.6 0.4 2.2 2.8 1.5 2.6 

T10-T11 0.7 2.0 2.3 1.8 -1.6 0.5 1.4 -0.1 

T11-T12 -0.7 -0.5 -3.2 -4.5 -1.8 -4.0 1.6 -0.8 

T12-L1 -2.4 -4.8 -7.6 -9.3 -4.3 -7.2 1.4 -0.4 

L1-L2 -2.9 -1.4 - - -4.0 -4.6 -6.1 -8.8 

L2-L3 -3.5 -3.2 - - -3.4 -4.9 -13.1 -6.3 

L3-L4 - - - - - - -13.5 -6.5 

L4-L5 - - - - - - - - 

L5-S1 - - - - - - - - 

Total rod kyphosis 
(degrees) 

22.0 29.6 17.6 22.0 25.0 36.8 34.9 31.6 

Total rod lordosis 
(degrees) 

-9.6 -9.9 -11.3 -10.9 -15.1 -20.8 -32.6 -22.8 

 

Table 5. Description of test cases 

Test case number Group number Group inputs Lenke type and deformity description deformity schematic 

1 4 
PTC, MTC, TLC, PI, TK, LL, 

T1SPi 
Lenke A, with a greater thoracic Cobb angle 

 

2 4 
PTC, MTC, TLC, PI, TK, LL, 

T1SPi 
Lenke C, with a greater lumbar Cobb angle 

 

8 5 MTC, PI, TK, T1SPi, Mlb Lenke A, S-shaped curve 

 

10 5 MTC, PI, TK, T1SPi, Mlb Lenke A, C-shaped curve 
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  In the test cases of Lenke A type, the RMSE of the test data in 
RLcc and RLcv exhibited smaller values compared to other 
Lenke types. This observation can be attributed to the 
accurate estimation of rod lordosis angles, which 
demonstrates similar patterns in scoliosis cases classified as 
Lenke A. This is because Lenke types B and C have greater 
values of the Cobb angle in the lumbar part, and rod lordosis 
angles with different fusion levels vary widely across 
different Lenke types. In addition, the RMSE of RKcc was 
almost the lowest in groups 7 and 8 in the test data of Lenke 
A type. This improvement can be attributed to the 
incorporation of pre-operative radiographical indices and 
net joint moments of the apical vertebrae in these groups. 
Notably, the net moments generated by internal tissues at 
spinal joints, such as muscles, can have a substantial impact 
on scoliosis correction and the curvatures of the rods.33  
  According to Figure 5, since surgeons usually correct the 
deformity using kyphosis of the first rod on the concave side, 
it can help the RKcc have a lower RMSE than the RKcv in most 
test cases. Furthermore, because of the greater variations in 
rod lordosis angles and fusion levels, it may cause the rod 
lordosis angles (RLcc and RLcv) to have greater RMSE values 
than the kyphosis ones (RKcc and RKcv) in most test cases, 
which has been mentioned in some previous studies.25,32 
  Test case 1 in group 4 was Lenke A, and test case 2 was 
Lenke C [Figure 5 and Table 3]. Due to the large number of 
Lenke A cases (49 out of 72), it was more difficult for 
ANN+SVM to predict rod curvature angles for Lenke C. 
Therefore, the RMSE was greater and created more 
differences between actual and predicted rod curvatures. 
Furthermore, as can be seen in Figure 6 and Table 4, test case 
10 in group 5 has a long C-shaped Cobb angle, while test case 
8 is S-shaped and is more frequent in the 72 cases. Therefore, 
it was more difficult for ANN+SVM to predict rod curvature 
for a C-shaped one (especially in the rod lordosis region).  
  As indicated in Tables 3 and 4, it can be concluded that there 
are more differences between actual and predicted rod 
angles in regions that have more variations across different 
scoliotic patients, including upper and lower fusion levels, 
the level at which rod kyphosis turns into lordosis, and 
lordosis regions.  

Limitations 
  This study was conducted on a limited number of cases, and 
thus more cases may improve the prediction of post-
operative rod curvatures. In addition, different types of 
scoliosis curves (Lenke A, B, and C, as well as hypo- or hyper-
kyphosis) were collected together for ANN+SVM estimations 
due to the limited number of cases. Spinal joint stiffness could 
have affected the amount of scoliosis curve correction and 
rod curvatures, which was not considered in this study. 
Moreover, there could be some errors because of 2D 
radiograph measurements in radiographical indices and 
joint moments, while scoliosis is a 3D deformity that affects 
the measurements, amount of correction, and rod 
curvatures.34,35 Nevertheless, we did not have access to 3D 
spine geometries. Therefore, surgical techniques such as 
translation, compression, distraction, and de-rotation, which 

affect the 3D deformity of scoliosis, could not be analyzed. 
These limitations can thus be considered for development in 
future work. 

Conclusion 
The ANN+SVM machine learning algorithm is a robust 

method for predicting post-operative rod curvature angles 
and fusion levels in scoliosis patients. This algorithm has 
the potential to serve as an assistive tool for surgeons, 
allowing them to bend surgical rods prior to the actual 
operation and thereby reduce the duration of surgery. In 
this process, a pre-operative AIS radiograph is obtained 
and analyzed using radiographical indices, such as PTC, 
MTC, TLC, PI, TK, LL and T1SPi. These indices are then used 
as inputs for a trained ANN+SVM network, which predicts 
the post-operative rod curvature angles. The entire process 
can be completed within a few minutes, providing the 
surgeon with a report of the predicted results prior to 
surgery. It is also worth mentioning that this rod curvature 
prediction method is applicable even for non-experienced 
surgeons, as it is based on neural networks that have been 
trained using data analyzed by professionals and spine 
specialists. In other words, the surgeon takes patients’ 
radiographs, measures pre-operative angles, and then 
enters angle values in the application designed based on 
ANN+SVM in scoliosis dataset analysis. Finally, the surgeon 
receives predicted post-operative rod angles and fusion 
levels, which can be used as a rapid guide for the actual 
surgery. To conclude, our initial hypothesis in the 
introduction section was that ANN+SVM can provide a 
more accurate tool than statistical methods, which is yet an 
easier tool than developed biomechanical modeling 
methods to estimate postoperative concave and convex 
rod curvature angles for surgeons, which can potentially be 
corroborated by reality.  
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