
 
)241( 

COPYRIGHT 2023 © BY THE ARCHIVES OF BONE AND JOINT SURGERY 

 
Corresponding Author: Nasser Fatouraee, Associate professor, 
Department of Biomedical Engineering, Amirkabir University of 
Technology, Tehran, Iran 

Email: nasser@aut.ac.ir 

 Arch Bone Jt Surg. 2023; 11(4): 241-247   Doi: 10.22038/ABJS.2022.66559.3176 http://abjs.mums.ac.ir 

 

THE ONLINE VERSION OF THIS ARTICLE  
ABJS.MUMS.AC.IR 

 

 
 

RESEARCH ARTICLE 
 

Prediction of Post-operative Clinical Indices in 
Scoliosis Correction Surgery Using an Adaptive 

Neuro-fuzzy Interface System  

Rasoul Abedi, MSc; Nasser Fatouraee, PhD; Mahdi Bostanshirin, PhD; Navid Arjmand, PhD; 
Hasan Ghandhari, MD 

Research performed at Department of Biomedical Engineering, Amirkabir University of Technology, Tehran, Iran 

Received: 13 July 2022 Accepted: 16 November 2022 

Abstract 

Objectives: Accurate estimation of post-operative clinical parameters in scoliosis correction surgery is 
crucial. Different studies have been carried out to investigate scoliosis surgery results, which were 
costly, time-consuming, and with limited application. This study aims to estimate post-operative main 
thoracic cobb and thoracic kyphosis angles in adolescent idiopathic scoliosis patients using an adaptive 
neuro-fuzzy interface system.  

Methods: Distinct pre-operative clinical indices of fifty-five patients (e.g., thoracic cobb, kyphosis, lordosis, and 
pelvic incidence) were taken as the inputs of the adaptive neuro-fuzzy interface system in four categorized groups, 
and post-operative thoracic cobb and kyphosis angles were taken as the outputs. To evaluate the robustness of this 
adaptive system, the predicted values of post-operative angles were compared with the measured indices after the 
surgery by calculating the root mean square errors and clinical corrective deviation indices, including the relative 
deviation of post-operative angle prediction from the actual angle after the surgery. 

Results: The group with inputs for main thoracic cobb, pelvic incidence, thoracic kyphosis, and T1 spinopelvic 
inclination angles had the lowest root mean square error among the four groups. The error values were 3.0° and 
6.3° for the post-operative cobb and thoracic kyphosis angles, respectively. Moreover, the values of clinical 
corrective deviation indices were calculated for four sample cases, including 0.0086 and 0.0641 for the cobb angles 
of two cases and 0.0534 and 0.2879 for thoracic kyphosis of the other two cases. 

Conclusion: In all scoliotic cases, the post-operative cobb angles were lesser than the pre-operative ones; however, 
the post-operative thoracic kyphosis might be lesser or higher than the pre-operative ones. Therefore, the cobb 
angle correction is in a more regular pattern and is more straightforward to predict cobb angles. Consequently, their 
root-mean-squared errors become lesser values than thoracic kyphosis. 

        Level of evidence: IV 

        Keywords: Cobb angle, Pelvic incidence, Posterior surgery, Spine, Thoracic kyphosis 

 
 

Introduction

coliosis is a sort of 3D spinal deformity disorder 
that mainly affects the thoracic or lumbar areas in 
the frontal plane. 1 Investigation of adolescent 

idiopathic scoliosis (AIS) is a trending research topic. 2, 3 
Scoliosis involves 2-4% of adolescents and is ten times 
more prevalent in females than males. 4 Generally, a patient 
needs surgical correction when the frontal cobb angle is 

more than 40°-50°. 5-7 To determine post-operative indices 
in scoliosis correction surgery, various experimental and 
modeling studies have been undertaken 8,9 The 
experimental studies use in vitro or in vivo methods. 10, 11 
the in vitro studies attempt to evaluate the effect of surgical 
instruments and techniques on spinal fusion biomechanics 
on cadavers. 10, 12 the in vivo studies investigate the 
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biomechanics of scoliosis fusion with their force and 
moment behaviors, using force sensors throughout the 
surgery. Both in vitro and in vivo studies are limited and 
costly. 11, 13, 14 

 The modeling studies are divided into two groups, i.e., 
finite element modeling (FEM) and multibody modeling 
(MBM) approaches. The FEM methods have regularly 
applied anatomical models of vertebrae, discs, and other 
soft tissues with different material properties. 9, 15 
Additionally, they have used the geometrical models of 
rods and screws to simulate scoliosis correction surgery by 
applying corrective loads. 8,16,17 In MBM methods, separate 
vertebral bodies and mathematical calculations are used in 
a functional model while considering soft tissue effects as 
spring elements. The multibody models for the scoliotic 
spine investigate their mechanical behavior and chain 
mechanism kinematics. 18-20 The modeling methods are 
time-consuming and limited due to case numbers for 
developing more general and practical methods. 

Artificial intelligence studies use machine learning 
algorithms, such as neural networks to investigate spine 
modeling. 21-23 Neural network techniques have been 
applied for different purposes, including scoliosis detection 
or estimating the cobb angles from upper body clinical 
indices 24,25 and determining spinal fusion patterns of 
different Lenke types. 26 In addition, some studies were 
performed to estimate the amount of Cobb angle correction 
or post-operative kyphosis angles in posterior scoliosis 
surgery using statistical analysis. 27, 28 these methods have 
the advantage of considering many cases to estimate clinical 
parameters. The problem, however, remains in the 
minimization of estimation errors.  

Therefore, previous studies did not use a forthright 
approach to predict post-operative Cobb or kyphosis angles 
in scoliosis surgery based on a substantial number of 
patients. Moreover, these studies were costly, time-
consuming, and limited to be performed on many scoliotic 
patients. As a result, the present study aims to predict the 
post-operative angles in AIS patients using an adaptive 
neuro-fuzzy interface system (ANFIS). The objective of the 
current manuscript is to predict the main thoracic Cobb 
(MTC) and thoracic kyphosis (TK) angles in AIS patients 
who have undergone posterior scoliosis surgery. Therefore, 
four different arrangements of pre-operative clinical 
parameters have been examined and applied as the inputs 
of the ANFIS. Afterward, the post-operative clinical indices, 
were used to train and test an ANFIS that estimates these 
values in new scoliotic cases. Our approach is hypothesized 
to provide a more accurate yet easier tool to estimate post-
operative angles. The detailed acronyms and definitions 
used in this study are listed in [Table 1]. 

 
Table 1. Definition of acronyms used in the study 

Acronym Definition   

ANFIS Adaptive Neuro-Fuzzy Interface System 

PTC Proximal Thoracic Cobb 

MTC Main Thoracic Cobb 

TLC Thoracolumbar Cobb 

PI Pelvic Incidence 

Table 1. continued 

TK Thoracic Kyphosis 

LL Lumbar Lordosis 

T1 SPi T1-SpinoPelvic Inclination 

RMSE Root Mean Square Error 

CCDI Clinical Corrective Deviation Index 

 

Materials and Methods 
Collection of AIS Patient Radiographs 
  The EOS imaging system with the capability of low-dose 
biplanar radiography was used for imaging and collecting 
frontal and sagittal views of pre- and post-operative 
radiographs of 55 AIS patients (i.e., 49 females and 6 males) 
in Shafa Yahyaian Hospital. 29 The patients were 15 ± 3 years 
old in different Lenke types and took the posterior rod 
surgery; 34 were the Lenke type A. This research is a 
retrospective study. The ethical approval was obtained from 
the Ethics Committee of the Iran University of Medical 
Sciences (IUMS) for obtaining and analyzing EOS 
radiographs of the AIS patients under letter no. 
IR.IUMS.REC.1398.1162, dated 02/22/2020. Hence, the 
ethical standards laid down in the Declaration of Helsinki in 
1964 have been adhered to in the present study. Informed 
consent was obtained from all patients in Shafa Yahyaian 
Hospital. 

Measurement of Clinical Parameters 
   Surgimap (v2.3.2.1, A Nemaris Inc. Product, New York, USA) 
image processing commercial software was used to 
determine pre-operative main thoracic cobb (MTC), 
proximal thoracic cobb (PTC), thoracolumbar cobb (TLC), 
Thoracic kyphosis (TK), lumbar lordosis (LL), pelvic 
incidence (PI), and T1 spinopelvic inclination (T1 SPi) angles 
[Figure 1]. Post-operative MTC and TK angles were also 
measured as important guides for estimating post-operative 
spine curvatures.  
 

 

 

 

 

 

 

 

 

 

 

Figure 1. Clinical indices of the scoliotic spine calculated in the frontal and 

sagittal planes 
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Prediction with Adaptive Neuro-Fuzzy Interface System   
  The ANFIS with the combination of fuzzy-logic-based and 
neural network learning methods, was developed to be 
trained using pre-operative and post-operative clinical 
parameters. As indicated in the ANFIS algorithm flowchart, 
different combinations of pre-operative parameters were 
used as ANFIS inputs to compare their training outcomes 
[Figure 2]. The first layer of the ANFIS structure took pre-
operative indices as inputs of fuzzy logic to divide them into 
several membership functions (MFs) in the next layer. To 
minimize the root-mean-squared error (RMSE) in post-
operative MTC and TK estimations, the number of MFs was 
adjusted through trial and error. In the fuzzy interface 
system employing the Sugeno model and Gaussian-type 
MFs, the subtractive clustering technique was employed. 
 
 
     

 

 

 

 

 

 

 

 

 
Figure 2. Adaptive neuro-fuzzy interface system (ANFIS) flowchart and 
structure for estimating post-operative main thoracic Cobb (MTC) and 
thoracic kyphosis (TK) angles 
 

Four groups of pre-operative angles were determined as 
ANFIS inputs to calculate RMSE values of post-operative 
MTC and TK angles for each group in categories [Table 2]. 
This procedure assisted in finding the most appropriate 
input selections to predict post-operative MTC and TK 
angles with the least possible errors. 

 
The selected inputs were examined in two scoliosis types: 
all cases with all Lenke types (55 patients) and those with 
Lenke A type (34 patients). Furthermore, the ANFIS analysis 

was performed by three different numbers of MFs for each 
input to investigate their effects, i.e., 35, 40, and 45 for all 
Lenke-type cases and 15, 20, and 25 for Lenke type A cases 
for all four groups. Additionally, the number of rules is 
identical to the number of MFs in all groups. 

Definition and Calculation of Estimation Errors and 
Deviation Index  

   Around 70% of AIS patients' clinical data were used for 
training, 15% for validation, and 15% for testing in all 
ANFIS stages. The testing process error was the difference 
between post-operative angles actually achieved and those 
predicted (i.e., post-operative MTC and TK). Also, the 
clinical corrective deviation index (CCDI) was defined as 
the relative deviation in the ANFIS prediction of post-
operative MTC and TK from their actual values. The terms 
RMSE and CCDI were defined and calculated as follows: 
 

 
Op_idx, Pred_idx, and PreOp_idx represent the actual post-
operative output, ANFIS prediction for output, and the pre-
operative input of the tested data, respectively (all in 
degrees). According to Table 2, the tested data in four 
groups of inputs were used to validate ANFIS and calculate 
RMSE and CCDI values in two modes, including eight cases 
from 55 patients of all Lenke types and five cases from 34 
patients of Lenke A type patients. 
 
 

Results 
Root-mean-squared error (RMSE) and clinical 
corrective deviation index (CCDI) values 

Group 2 (MTC, PI, TK, and T1 SPi angles as inputs of 
ANFIS) typically had the lowest RMSE and CCDI values. 
Figure 3 depicts these results for four groups of 55 (all 
Lenke types) and 34 (Lenke A type) AIS patients. Generally, 
group 2 had reduced RMSE and CCDI values than other 
groups. The validation errors were considerably lower 
than the test errors. As an example, for all 55 cases in group 
2 with 40 MFs, the RMSE values of the validation and test 
data were 0.70 and 3.00 for post-op MTC and 1.24 and 6.32 
for post-op TK, respectively. 

 In addition, the CCDI values for post-operative MTC were 
much less than those for post-operative TK. In certain 
circumstances, such as group 1, the RMSE values of post-
operative MTC decreased when the number of MFs was 
increased, whereas they grew in group 3; hence, increasing 
the number of MFs did not always reduce or raise the 
values of RMSE and CCDI.  

Comparison between post-operative MTC and TK 
indicated that the RMSE values of TK were usually higher 
than those in MTC. Moreover, the CCDI values of TK were 

Table 2. Classification of pre-operative clinical indices as adaptive 
neuro-fuzzy interface system inputs in four groups 

Group number ANFIS inputs (pre-operative clinical indices) 

Group 1 MTC, PI, TK 

Group 2 MTC, PI, TK, T1 SPi 

Group 3 PTC, MTC, TLC, PI, TK, LL 

Group 4 PTC, MTC, TLC, PI, TK, LL, T1 SPi 
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mostly and considerably higher than MTC. The RMSE 
values for Lenke A type cases were higher than all Lenke 
types in group 1, while they were lower in group 4. The 
CCDI values were higher for TK of Lenke a type than in all 
Lenke types in group 1, while they were considerably 
lower in groups 3 and 4. 

Although the number of MFs affected the RMSE or CCDI 
parameters, their effect was not in a regular pattern and 
depended on the number of cases and ANFIS inputs. 
However, the RMSE and CCDI values increased with 
increasing or decreasing the numbers of MFs, excessively. 
Therefore, an appropriate number of MFs should have 
been selected to reduce these values. The difference 
between post-operative MTC and TK estimations was more 
evident in CCDI than in RMSE, and the CCDI values for MTC 
were considerably lower than those for TK [Figure 3].   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3. Root-mean-squared error (RMSE) and clinical corrective deviation 

index (CCDI) parameters for four groups of ANFIS inputs in different numbers 

of membership functions (MFs), a. RMSE for all Lenke types (55 cases), b. CCDI 

for all Lenke types, c. RMSE for Lenke A type (34 cases), d. CCDI for Lenke A 

type 

Post-operative main thoracic Cobb and thoracic kyphosis 
prediction 

  Since group 2 possesses lower RMSE and CCDI values, the 
results of this group were investigated in more detail. The 
sample results of operated and predicted values for post-
operative MTC and TK in test data of group 2 (8 cases) were 
investigated, and 40 MFs were used in ANFIS for all Lenke 
types [Figure 4]. Moreover, the convergence of RMSE for 
group 2 (with 40 MFs) is illustrated in Figure 4. 
  To visualize the results, four samples of operated and 
predicted results of group 2 were selected randomly (2 
cases for MTC and 2 cases for TK estimation), and the pre-
operative (PreOp) and post-operative (PostOp) MTC and TK 
were calculated and illustrated [Figure 5]. 

  Cases A and D had the minimum and maximum CCDI 
values, respectively [Figure 5]. In cases A and C, the 
differences between the operated and predicted results of 
post-operative MTC were equal to 0.8 and 2.7°, respectively. 
In cases B and D, these differences were equal to 0.7 and 5.7 
degrees, respectively. Therefore, the error values were 
higher in estimating TK compared to MTC. Moreover, the 
difference between pre-operative and post-operative 
values was higher in MTC compared to TK. 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Comparison of Operated (actual) and Predicted (with ANFIS) values 
for post-operative MTC (RMSE=3.00 degrees) and TK (RMSE=6.32 degrees) in 
test data of eight scoliotic cases in group 2 with 40 membership functions, and 
the convergence of RMSE in TK during 34 iterations  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5. Illustration of results in four scoliotic cases of group 2, pre-
operative, operated (Op), and predicted (Pred) post-operative values for 
MTC (a and c) and TK (b and d) angles 

d c 
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Discussion

The ANFIS algorithm was an advantageous method for 
accelerating the prediction of post-operative clinical 
parameters and assisting surgeon performance. The 
ANFIS uses the fuzzy method in combination with the 
neural network. In other words, it integrates neural 
networks and Fuzzy Logic principles and can take 
advantage of both within a single framework. The fuzzy 
rules can categorize inputs and create MFs. Thus, its 
training error becomes considerably lower, even with 
the limited number of cases (55 cases).   

Post-operative MTC and TK are the most critical clinical 
indices influencing biomechanical characteristics of the 
spine and its stability. Therefore, the accurate assessment 
and prediction of them are of utmost importance.  

Limitations and disadvantages 
There was a limited number of AIS cases in this research, 

and it is evident that a larger sample size would allow for 
a more accurate prediction of post-operative clinical 
indices. Also, the surgical treatments for scoliosis 
correction, such as de-rotation techniques at different 
spinal levels, alter the scoliotic curve during the 
correction, which is not taken into account in this study 
because it is extremely difficult to implement in ANFIS. 

Because of the two-dimensional radiographs, the 
measurement of clinical scoliosis indices, such as Cobb 
angle, was performed in two-dimensional analysis. In 
contrast, the three-dimensional measurements may differ 
from two-dimensional ones, particularly in the three-
dimensional correction of scoliosis 30,31.  

Spinal stiffness (due to the intervertebral discs and 
ligaments) influences its curvature during scoliosis 
correction; however, there are no data on actual stiffness 
values in AIS cases, and its effect is neglected in this study. 

The ANFIS algorithm includes only one output; hence, it is 
impossible to estimate multiple post-operative angles 
simultaneously. Therefore, there is a separate ANFIS for 
each of the post-operative MTC and TK, which lacks the 
interrelation between them to estimate simultaneously. 

Analysis of Results 
Surgeons always attempt to reduce the Cobb angle to the 

lowest possible value to make the reduction of MTC evident 
after the operation. However, it is not the case for post-
operative TK since, in some cases, the TK increases after 
scoliosis correction surgery. This explains why RMSE 
values of post-operative TK are usually higher than those 
of MTC (especially in group 2). Therefore, it is easier for the 
ANFIS algorithm to predict the Cobb angle, leading to the 
lower values of RMSE. According to the CCDI definition, 
higher CCDI in TK angles is generally due to the lower 
difference between pre-and post-operative TK values than 
in MTC in almost all groups [Figure 3]. 
  Group 2 has the lowest RMSE and CCDI values for all 
Lenke types and Lenke A cases, representing that the 
arrangement of ANFIS inputs in this group is more 
appropriate for this investigation. Group 2 clinical 
parameters include MTC, PI, TK, and T1 SPi, where the MTC 
is a highly efficient angle of the scoliosis curve in the frontal 
plane, as the PI and TK angles are in the sagittal plane. In 
addition, the T1 SPi angle influences the sagittal spinal 

curve and sagittal balance. 32 Hence, these clinical 
parameters can assist as adequate training parameters for 
ANFIS. As T1 SPi is not included in group 1, the errors in 
this group increase. In addition, the number of inputs is 
greater in groups 3 and 4. (i.e., 6 and 7 inputs, respectively), 
while the number of AIS cases is limited. Consequently, 
their RMSE and CCDI values became greater than those in 
group 2 [Figure 3]. 
 The difference between the predicted and operated 
results, as well as RMSE values, are higher in estimating 
post-operative TK. Because in the majority of cases, the 
MTC angles have been reduced considerably from their 
pre-operative values since the surgeon attempts to reduce 
the Cobb angle as much as possible. However, the variation 
of TK angles does not follow a regular pattern between pre- 
and post-operative values in different cases. For instance, 
four sample cases are investigated [Figure 5], which 
indicates that the post-operative TK can be higher or lower 
than its pre-operative value. Thus, it is more difficult for the 
ANFIS algorithm to predict accurate post-operative TK 
than post-operative MTC [Figure 4]. 

Conclusion 
The application of the ANFIS algorithm is beneficial for 
predicting post-operative clinical indices, especially when 
there are enough AIS cases. Furthermore, this method can 
assist the surgeon in estimating post-operative clinical 
parameters in scoliosis correction surgery (before the 
actual operation) and improve the surgery. 
  The prediction of post-operative Cobb and kyphosis 
angles became possible based on a trained network that 
used the dataset of professional surgeons. Consequently, 
this trained network can be used to predict post-operative 
angles (and other post-op clinical parameters in future 
work) to lead other amateur surgeons to what is expected 
from post-op results.  Furthermore, predicting post-op 
Cobb and kyphosis angles helps the surgeon estimate the 
curvature angle of fusion rods before the surgery. Since the 
rod curvature is regulated based on the preferred post-op 
angles such as thoracic kyphosis, which the surgeon wants 
to achieve. Therefore, this training method could be used 
for rod curvature estimation for future work. 
  The results indicate that the estimation errors are often 
lower in post-operative MTC than TK since the pattern of 
pre-and post-operative MTC is more regular than TK; 
hence, it would be more straightforward for ANFIS to train 
data based on MTC angles, which some studies confirmed 
that network training or statistical analysis could be used 
to predict Cobb angles. 24, 27 
   Lastly, future studies could explore some other concerns. 
It is suggested to increase the number of AIS cases to 
improve the prediction accuracy of post-operative clinical 
parameters and reduce estimation errors. In addition, 
simulating the spine by incorporating the effect of soft 
tissue stiffness on scoliosis curvature improves the overall 
simulation process during scoliosis surgery. In addition, it 
will be crucial to examine the rod curvatures in posterior 
corrective surgery for AIS patients using machine learning 
algorithms with pre-operative inputs. 
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