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Scoliosis is a complex pathology characterized as a three-dimensional (3D) deformity 

of the spine combined with rotation of the vertebrae. The treatment for severe 

scoliosis is achieved when the abnormally deformed spine is surgically corrected and 

fixed into a desired shape by application of corrective forces using implant rods and 

screws. Understanding the magnitude of corrective forces carried by the implant rods 

is important because overloading can lead to implant rod and bone fracture. The 

deformation of implant rod is an inevitable consequence of the corrective forces 

developed by the inherent resistance of the scoliotic spine to correction. The main aim 

of this study was to analyze the scoliosis corrective forces from implant rod 

deformation using Finite Element Analysis. The changes of implant rod geometry 

before the surgical implantation and after surgery were measured to analyze the 

postoperative corrective forces. A numerical method to measure the intraoperative 

three-dimensional geometry of implant rod and rod deformation using two cameras is 

proposed. The intraoperative deformation of implant rod during scoliosis corrective 

surgery was measured by the dual-camera system and consecutively the intraoperative 

forces using the proposed method based on Finite Element Analysis. The effect of 

screw placement configurations, i.e. number of screws and screw density to the 

corrective forces and degree of scoliosis correction was also investigated. The 

postoperative corrective forces acting on the vertebrae of the spine were significantly 

lower than the intraoperative corrective forces. The increase in number of screws 

tended to decrease the magnitude of corrective forces but did not provide higher 

degree of scoliosis correction. Although higher degree of scoliosis correction was 

achieved with higher screw density, the corrective forces increased at some levels 

indicating that higher screw density is not guaranteed as the optimal surgical strategy. 

Scoliosis correction is not only dependent on the corrective forces but also with 

various parameters such as screw placement configuration and implant rod shape. 

Chapter 1 briefly introduces the background of the study. The previous studies 

section discusses the related literatures on corrective forces acting on the implant rod 

and spine during the scoliosis treatment and the delimitations in relation to the current 

level of research in the area. The main objectives of this study are also presented. 

Chapter 2 provides a general background, biomechanical and clinical aspect of 

scoliosis as a disease. This chapter presents also the principles of management of 

scoliosis, i.e. how it is being treated by implant fixation, and the existing problems in 

which this research study is trying to address from a biomechanics point of view.  
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Chapter 3 presents a method to analyze the corrective forces acting on the implant 

rod and vertebra using finite element modeling. The implant rod before the surgical 

implantation was reconstructed using an elasto-plastic finite element model. This 

chapter also presents the three preliminary clinical cases that were used to conduct 

finite element deformation analysis. 

Chapter 4 deals with the development of a dual-camera system and numerical 

method to measure the three-dimensional implant rod geometry intraoperatively for 

scoliosis deformity surgery. The results of the validation experiment to establish the 

accuracy of the dual-camera system using the actual implant rod utilized during 

scoliosis surgery are presented. 

Chapter 5 presents the effect of various screw placement configurations on the 

magnitude of corrective forces and degree of scoliosis deformity correction. This 

chapter discusses the consequences of using more screws and putting screws nearer to 

each other (screw density) to the magnitude of corrective forces and degree of 

scoliosis correction. The magnitude of forces did not have significant relationship 

with the degree of scoliosis correction. The corrective forces tended to reduce when 

more screws were used indicating that the loads acting on the spine were more 

distributed. The magnitude of corrective forces increased with higher screw density.  

Chapter 6 presents the deformation behavior of implant rod using the changes of 

implant rod geometry before surgical implantation and after surgery. The influence of 

the changes of implant rod curvature on scoliosis correction was also presented. A 

significant relationship was found between the degree of rod deformation and implant 

rod curvature before surgical implantation indicating that the rod curvature after 

surgery or the clinical outcome could be predicted from the initial implant rod shape. 

The changes of implant rod curvature greatly influenced the scoliosis correction 

because the spine curve can be over or under corrected after scoliosis surgery.  

Chapter 7 deals with the clinical application of the dual-camera system to measure 

the intraoperative three-dimensional geometry of implant rod during scoliosis surgery. 

The three-dimensional geometry of implant rod at the different phases of scoliosis 

treatment (i.e. preoperative, intraoperative and postoperative) was measured. The 

intraoperative forces were also computed. 

Chapter 8 summarizes the findings and conclusions of the work, their clinical and 

biomechanical significance are also discussed. 

The work presented in this thesis provides clinicians and bioengineers a new 

method to measure the magnitude of corrective forces acting on the vertebrae of the 

spine and implant rod using finite element modeling. The dual-camera system that has 

been developed gives in-depth insights on the deformation behavior of implant rod at 

the different phases of scoliosis treatment, i.e. from preoperative, intraoperative, and 

postoperative phases. The effects of screw placement configuration to the magnitude 

of the corrective forces and degree of correction will help clinicians to objectively 

decide which surgical strategy is likely to attain a desirable outcome. The deformation 

behavior of the implant rod observed in this study revealed that the postoperative 

implant rod geometry could be predicted from the initial implant rod shape. This is 

essential for the preoperative planning of the surgical parameters such as decision-

making of the initial implant rod geometry. This study brings forward new insights on 

the effects of spinal instrumentation to the biomechanics of scoliosis correction. 
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1.1    Background 

Biomechanics came from the Greek words bios, i.e. “life” and mēchanikē, i.e. 

“mechanics”), is the study of the structure and function of living organisms 

such as humans, animals, plants, organs, and cells by application of the 

mechanical principles. Biomechanics is focused on solving biological 

problems from a mechanics point of view. The subfields include 

musculoskeletal, cardiovascular, and respiratory systems, hard and soft tissues, 

fluid, sport, biotribology, cell and orthopaedic biomechanics.  

Orthopaedic biomechanics covers a wide range of topics including 

mechanics of fracture and fracture fixation, mechanics of implants and implant 

fixation, mechanics of bones and joints, wear of natural and artificial joints. 

The collaborative work between the orthopaedic surgeon and bioengineer has 

turned the artistic nature of orthopaedic surgery into a more established 

domain of scientific research. The latest research in biomechanics, whether 

experimental and/or modeling through computer simulation, provides a 

scientific explanation of the causes of musculoskeletal disorders and 

evaluation of the treatment methods. The need for advancement of knowledge 

to provide the best scientific evidence in making decisions about the care of 

individual patient strengthened the role of doing research in biomechanics. 

This is true with the poorly understood and inadequately managed orthopaedic 

diseases e.g. Perthes’ disease, osteoarthritis, musculoskeletal pain, 

osteoporosis, carpal tunnel syndrome, scoliosis and many more. For the past 

decades, computer simulation has become an indispensable tool in 

biomechanics since human experimental investigations can be sometimes 

unethical, impossible and practically difficult to implement. This is because 

musculoskeletal research requires human subjects most of the time, e.g. in this 

study, forces acting on the spine in vivo. Musculoskeletal research includes 

investigation of the pathologies in bones, ligaments, tendons, muscles, 

cartilage, joints and connective tissues. Abnormal deviations from its 

physiological form and function, e.g. spine deformity or scoliosis, 

significantly affect the quality of life (QOL) of an individual.  
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Scoliosis is a complex spinal pathology in which a human spine is 

abnormally deformed in three dimensions combined with vertebral rotation. 

The most common type of scoliosis is idiopathic scoliosis in which the 

etiology or cause of the disease remains unknown. Epidemiological studies 

indicate that scoliosis prevails during the adolescent period and common 

among females than males. The standard treatment of scoliosis is achieved 

through surgical treatment. Surgical treatment is attained by application of 

corrective forces to deform and bring back the scoliotic spine into a straight 

curve on the frontal plane using implant rods and screws. Several implant 

designs have evolved and became more advanced in applying the corrective 

forces three-dimensionally. However, until now, reports on the complications 

of implant fixation systems such as implant rod breakage, screw pull-out, bone 

fracture and implant loosening still exist. These could be due to the high 

amount of corrective forces acting at the spine carried by the implant rod and 

screws. Indeed, our clinical data revealed a significant deformation of the 

implant rod when its geometry before implantation and after surgery was 

compared. The analysis of corrective forces acting on the deformed implant 

rod is important to understand the magnitude of in vivo loads acting at the 

vertebrae of the spine. 

The main phases of scoliosis treatment include the preoperative, 

intraoperative and postoperative phases i.e. before surgery, during surgery and 

after surgery, respectively. Intraoperative tracking of the truck motion has 

been conducted to gain better understanding of the effects of instrumentation 

systems on movement or deformation of spinal segments during scoliosis 

corrective surgery. However, tracking of the changes of implant rod three-

dimensional geometry which could primarily affect the correction of spine 

deformity has never been studied before.  To the best of our knowledge, there 

has been no report on the measurement of the intraoperative implant rod three-

dimensional geometry and deformation during scoliosis surgery. Likewise, 

although analysis of corrective forces acting on the deformed rod before 

implantation and after surgery is important in understanding the magnitude of 

postoperative loads, analysis of the intraoperative forces brought by the 
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orthopaedic surgeons during scoliosis surgery may also provide useful 

information on the mechanism of correction by studying the in vivo loads 

carried by the implant rods during surgery. 

Several instrumentation systems and surgical strategies were 

developed to correct scoliosis and prevent surgical treatment complications. 

However, determining the type of instrumentation system, surgical techniques 

and strategies remain disputed until now. This is due to the fact that the 

decision-making of the surgical parameters such as the levels of 

instrumentation or fixation, types of implants, number of implants, shape and 

length of implant rod is still dependent on surgeon’s experience. The optimal 

surgical outcome is not achieved due to the variability of surgeon’s individual 

preferences and correction objectives. The number of screws, level of screw 

placement and implant rod shape should be investigated to establish the effect 

of these surgical parameters on the biomechanics of scoliosis correction. 

Scoliosis corrective surgery requires an in-depth planning of the 

surgical parameters which will be implemented during the operation. These 

parameters such as the implant rod shape and screw fixation level are 

important in achieving the optimal clinical outcome. Unfortunately, there is no 

consensus on what possible implant rod shape is optimal that could lead to a 

certain clinical outcome until now. Moreover, since implant deformation is an 

inevitable consequence of correcting the spine deformity by application of 

corrective forces, changes in rod shape could alter the sagittal curve and also 

the clinical outcome. This has also led to the investigation on the deformation 

behavior of the implant rod during the surgical treatment of scoliosis. 

 

1.2    Previous studies 

The goal of this research is to calculate the corrective forces acting on the 

spine using the deformation or changes of implant rod geometry in scoliosis 

deformity surgery. It is therefore necessary to review how corrective forces 

acting on the spine were previously measured. 
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The corrective forces can be easily explained using the brace treatment 

method. Figure 1.1 shows a scoliotic patient corrected with a brace. The 

corrective forces required to deform the scoliotic spine into straight line in the 

frontal plane are represented as arrows. These forces should be maintained 

using supports (i.e. brace pads). In this case, the corrective forces are equal to 

the opposite/reaction forces acting to the braces. Interface corrective force 

measurement using pressure pads (Pedar, Novel, Munich, Germany) attached 

to the Boston brace was also conducted in sixteen idiopathic scoliosis patients. 

They found out that in all positions the mean corrective force at the lumbar 

brace pad was larger than the mean corrective force at the thoracic brace pad 

(van den Hout et al., 2002). 

Hirsch and Waugh (1968) imbedded the strain gages into the 

distraction tool and Harrington rod to measure the corrective forces during 

distraction (tension). The instrumented distraction tool was used to distract the 

lamina of both lumbar and thoracic post-mortem specimens to measure its 

ultimate load. It was concluded that the corrective or distraction force should 

not exceed to 30 kilopond (294 N) as the ultimate load of thoracic lamina. The 

real-time data of in vivo force was taken within twenty four (24) hours after 

surgery. The highest axial force found throughout the day during voluntary 

sitting and standing was only 20 kilopond (196 N). 

Nachemson and Elfström (1969) improvised the Harrington rod 

spreader using a leaf spring and a pointer scale. The modified spreader 

provides reading of the corrective force from zero to forty kilopond (0-392 N). 

Although the device does not provide real-time force measurements, it has 

been used in about sixty consecutive operations without having surgically 

induced fractures. The instrumented Harrington rod spreader was apparently a 

useful tool to prevent bone fractures during surgery. 

The in vivo force during the surgical procedure has already been 

measured in Harrington system. Such knowledge is necessary to decide how 

patients should be managed during the postoperative period. Nachemson and 

Elfström (1971) developed the wireless telemetry system to measure the in 
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vivo axial forces acting on the Harrington rod. The rod was modified such that 

the force gauge Pressductor can be fitted inside (Fig. 1.2). The force gauging 

system was attached and removed about two to three weeks after the surgical 

operation. The distraction forces during the surgical operation ranged from 20 

to 40 kilopond (196 to 392 N) resulted to 55 to 70% reduction of the Cobb 

angle. The force declined with time rapidly in the beginning and slowly after 

three days. After ten days, the recorded corrective force stabilized at about 

one-third of the maximum force measured during the surgical operation. It was 

confirmed that the spine (i.e. through adaptation or fusion of bone) takes over 

a portion of the axial load from the implant rod through time. This implies that 

through in vivo corrective force measurements, the time of treatment can be 

well approximated up to when the treatment can be safely discontinued. 

Lou et al. developed an electronically instrumented rod rotating device 

to monitor the torque applied by the surgeons during the derotation maneuver 

(Lou et al., 2002). The maximum torque applied by the surgeon to the lever 

arm ranged from 4-12 Nm (equivalent to 20-60 N). A premature trend due to 

the limited cases confirmed that a higher amount of correction (i.e. 

preoperative Cobb angle minus postoperative Cobb angle) requires also a 

higher amount of torque. The acquired torque values strengthened the idea that 

a significant amount of corrective loads were acting on the implant rod 

because if the corrective forces don’t exist, there will be no torque readings at 

all.  They have shown that too much high corrective forces could cause bone 

and implant fracture. They concluded also that insufficient forces may not 

attain the required correction. 

Direct measurement of corrective forces acting at the vertebrae of spine 

is basically unethical and practically difficult to implement. An alternative 

approach through computer simulation by finite element modeling is essential 

to understand the magnitude of corrective forces being applied to the spine. 

Several studies have investigated the biomechanics of scoliosis correction by 

application of patient-specific finite element models (Aubin et al., 2003, 2008; 

Lafon et al., 2009; Wang et al., 2011a). These studies were successful in 
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Figure 1.1 Scoliotic spine corrected with brace. (a) Spine deformity exists 

before bracing (b) Corrective forces induced by braces after bracing (Redrawn 

from Weiss et al., 2007). 

 

 
Figure 1.2 (a) Wireless telemetry system attached to the Harrington rod for 

measurement of axial corrective forces. (b) Wireless telemetry system attached 

to the spine of a scoliosis patient (Nachemson and Elfström, 1971). 

(a) (b)

(a) (b)
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computing the forces acting on the implant rod-vertebra interface (Fig. 1.3). 

They also estimated the possible clinical outcome using finite element 

modeling. Some studies also performed simulation of surgeon’s preferences 

and correction objectives using Finite Element Analysis (FEA) to model the 

various surgical steps and strategies since the decision-making of surgical 

parameters such as the levels of instrumentation or fixation, types and number 

of implants, shape and size of implant rod is still dependent on the individual 

surgeon’s experience and preferences (Wang et al., 2011a, 2011b; Desroches 

et al., 2007; Majdouline et al., 2009). These studies were conducted to 

examine the possible advantages and disadvantages between the different 

instrumentation systems and strategies by comparing the distribution of 

corrective force acting on the vertebrae of scoliosis patients (Fig. 1.4). 

However, the magnitude of the forces obtained by these studies might not be 

so realistic because the analysis was focused only on the elastic deformation of 

the rod. Elasto-plastic deformation analysis should have been considered. 

Moreover, the three-dimensional implant rod geometry acquisition methods 

were limited because they did not measure the actual initial geometry of the 

implant rod. They just approximated the implant rod geometry from the 

postoperative radiographs and videos. Thus, it was not possible to obtain the 

real initial and final three-dimensional geometry of the implant rod and 

consequently the corrective forces using their methods. 

 In an attempt to gain better understanding on the effects of 

instrumentation systems and surgical strategies on the intraoperative 

correction of spine deformity, electromagnetic system and infrared cameras 

combined with markers mounted to the trunk were used to monitor the real-

time trunk motion or deformity correction during scoliosis surgery (Mac-

Thiong et al., 2000; Duong et al., 2009). However, these methods require 

placement of devices and markers to the trunk which may lead to increased 

time of the surgical procedure. The intraoperative change of implant rod shape  

which is one of the primary factors that governs the correction of spine 

deformity has never been reported before. Thus, a method to measure the  
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Figure 1.3 Biomechanical finite element modeling of scoliosis surgery. 

Posterior view (left). Lateral view (middle). Top view (right). The arrows 

represent the level of the corrective forces between the implant and vertebrae 

of the spine (Aubin et al., 2008). 

 

 

 

 

Figure 1.4 X-ray showing fixation of scoliosis deformity by implant rods and 

screws (left). Finite element model of the spine and implants to analyze the 

distribution of corrective forces using various instrumentation strategies (right) 

(Desroches et al., 2007). 
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intraoperative three-dimensional geometry of the implant rod during surgery is 

important to understand the biomechanical basis of scoliosis correction 

mechanism. 

 

1.3    Aims of this study 

The direct experimental measurement of the corrective forces acting on the 

spine in vivo is basically unethical and practically difficult to implement. An 

alternative method by computer simulation of rod deformation forces through 

finite element modeling is necessary to be developed. The knowledge that we 

will obtain can be used for further improvement of the clinical management of 

scoliosis deformity. The first objective of this study was to propose a method 

using Finite Element Analysis to compute the three-dimensional forces acting 

on the spine from implant rod deformation in scoliosis deformity surgery.  

The second aim of this study was to develop a new method to 

reconstruct the intraoperative three-dimensional geometry of the spinal rod 

using two cameras. This will be used to measure the real-time in vivo three-

dimensional geometry of implant rod and deformation during scoliosis 

corrective surgery. This will help us understand the intraoperative effects of 

the instrumentation system on the correction of scoliosis deformity. 

 The optimal clinical outcome is not always achieved because the 

decision-making on what placement configuration of screw is best to correct 

the scoliosis deformity remains disputed until now. The third aim of this study 

was to establish the relationship between the magnitude of corrective forces, 

degree of correction and screw placement configuration. We also aimed to 

investigate the effects of screw density on corrective forces and degree of 

correction.  

 Until now, there is no consensus yet on what initial implant rod shape 

could lead to a possible postoperative rod shape. Thus, the fourth aim of this 

study was to investigate and establish the deformation behavior of the implant 

rods during scoliosis surgery. This will be done by evaluating the degree of 

rod deformation from the changes of the implant rod curvature before 
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implantation and after surgery. The relationship between the degree of rod 

deformation and the implant rod shape before implantation was sought to 

establish whether it is possible to predict the postoperative outcome from the 

initial rod shape. Since the implant rod curvature constitutes also the spine 

curvature because it is directly attached to the spine through the screws, the 

postoperative implant rod angle of curvature was also used to evaluate the 

scoliosis correction at the sagittal plane.  

The analysis of the intraoperative forces brought by the orthopaedic 

surgeons during scoliosis surgery may also provide useful information on the 

mechanism of deformity correction. The fifth aim of this study was to measure 

the intraoperative three-dimensional geometry and deformation of implant rod 

during scoliosis corrective surgery. The previous method to calculate the 

corrective force from implant rod deformation was used to calculate the 

intraoperative forces acting on the implant rod and vertebra during scoliosis 

deformity surgery. 
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2.1   Background 

Scoliosis is characterized as a deformity of the spine in three-dimensions 

accompanied by axial rotation of the vertebrae. The occurrence of scoliosis as 

a disease has been recognized clinically for centuries. In fact, its treatment was 

clearly described in ancient Hindu religious literature around 3500 BC to 1800 

BC (Kumar, 1996). The first description of scoliosis morphology was 

oversimplified, i.e. a two-dimensional deformity characterized by an abnormal 

lateral deviation of the spine as shown in Fig. 2.1(left). However, the 

advancement of medical imaging and computing systems redefined scoliosis 

as a spinal pathology in which the spine is abnormally deformed in three 

dimensions combined with vertebral rotation (Aaro and Dahlborn, 1981; 

Drerup, 1984; Hattori et al., 2011; Illés et al., 2011; McKenna et al., 2012; 

Perdriolle and Vidal, 1987; Stokes, 1994; Tadano et al., 1996).  

Scoliosis reduces the quality of life involving pain, diminishing lung 

capacity and functional impairment due to restrained mobility and inability to 

work (Maruyama and Takeshita, 2008; Lou et al., 2005). It is classified into 

four categories: congenital, neuromuscular, degenerative and idiopathic. The 

first three classifications can be recognized and diagnosed easily as it started 

from birth, caused by neuromuscular disorders, and effects of aging for 

congenital, neuromuscular, and degenerative scoliosis, respectively. 

Congenital scoliosis starts from birth and it is caused by the failure of the 

vertebrae to individually form or to separate from each other. It is easily 

recognized as one or more abnormally formed vertebrae as seen from plane 

radiographs (Erol et al., 2002). Neuromuscular scoliosis is caused by a variety 

of neuromuscular disorders which include cerebral palsy, spinal cord injuries, 

syringomyelia, poliomyelitis, duchenne muscular dystrophy (DMD) and 

myelomeningocele (Berven and Bradford, 2002; Mehta and Gibson, 2003). It 

is well established that the mechanical properties of the human spine 

(especially the intervertebral disc) decrease along with age. A type arising 

from the negative effects of age-related changes in the spine is called as 

degenerative scoliosis. Likewise, degenerative diseases including osteoporosis  
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                 Coronal view (Back)              Sagittal view (Right side) 

Figure 2.1 Radiographs showing scoliosis. 
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or a combination with intervertebral disc disease can contribute to the 

development of degenerative scoliosis (Tribus, 2003). All of the previous three 

categories are different than idiopathic scoliosis. In idiopathic scoliosis, the 

etiology or cause of the disease remains unknown. This is the most common 

type of scoliosis involving 70-80% of the scoliotic patients (Patwardhan et al., 

1986; Schroth, 1992).  Recently, research has focused on multiple areas since 

the etiology has not yet been fully understood. The current consensus is that a 

multi-factorial process is occurring. These include genetic, abnormal 

biomechanical forces, abnormal neurophysiologic process, connective tissue 

abnormality and biochemical changes during puberty (Lowe et al., 2000). 

 

2.2   Prevalence and risk factors 

In the United States, scoliosis affects 2-3% of the population (Salehi et al., 

2002). It affects all ages, gender and races irrespective of socio-economic 

status. Although scoliosis may occur as early as the age of less than three 

(Arkbania, 2007), a study showed that the primary age of onset is from 12 to 

14 years of age (Riseborough and Davies, 1973). Their study established that 

the prevalence was associated with age (i.e. during the adolescent period) and 

gender (i.e. mostly females) (Fig. 2.2). A significant gender dependent ratio 

was also found between female and male patients seeking medical help at the 

Katharina Schroth Spinal Deformities Centre in Germany. The female to male 

ratio of the scoliotic patients was 7:1 (Schroth, 1992). It is now well 

understood that the onset of scoliosis is during puberty where rapid height 

growth occurs and females are at higher risk than males. 

 

2.3   Diagnosis and treatment 

Diagnosis 

Several studies were conducted to diagnose and monitor the progression of 

scoliosis using noninvasive diagnostic techniques (Bunnel, 2005) to reduce the 

cancer-related risks of multiple radiation exposures (Doody et al., 2000; 
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Ronckers et al., 2008). These include moiré topography (Adair et al., 1977; 

Daruwalla and Balasubramaniam, 1985), Adam’s forward bend test (Pierre et 

al., 1998) and inclinometry or measurement of the angle of trunk rotation 

observed with the patient in the forward bent position (Grossman et al., 1995). 

Although these techniques are very useful for early screening and detection, x-

rays are still required to accurately establish the diagnosis, severity and 

progression of the spine deformity (Angevine and Kaiser, 2008).  

If the result of the early screening indicates scoliosis, an x-ray imaging 

is necessary to accurately measure the severity of the scoliotic curve. 

Generally, the severity of the curve can be quantitatively measured using the 

Cobb angle (Goldberg et al., 2001).  The Cobb angle is defined as the 

maximum tangent angle between two lines drawn parallel to the end plates of 

vertebrae in the scoliotic curve (Fig. 2.3). 

 

Treatment 

All scoliosis patients that cannot be treated successfully with conservative 

method (i.e. brace treatment) often need surgical intervention (Dickson and 

Weinstein, 1999). A consensus was established by the North American Spine 

Society whether what type of treatment is necessary pertaining to the severity 

of the curve using the Cobb angle (Table 2.1). Generally, patients with curves 

between 0-20 degrees don’t need any type of treatment. These patients are just 

observed and followed periodically using x-rays to note any progression of the 

curve. If curve progression occurs while the person’s height growth continues, 

bracing is recommended for patients with curves of 20-40 degrees (Fig. 2.4). 

The concept of bracing is well understood that it will not correct the curve but 

may prevent further curve progression (Bilgic et al., 2010). The successful 

bracing depends on the amount of time the patient wears the brace. The brace  

is worn until skeletal maturity for 16 to 23 hours a day. For severe cases, 

surgical treatment through implant fixation is usually indicated (i.e. curves 

greater than 50 degrees) and curves that still progress despite of the bracing 

treatment. 
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Figure 2.2 Age of onset of idiopathic scoliosis (Redrawn from Riseborough 

and Davies, 1973). 

 

 

 

 

 
Figure 2.3 The Cobb angle α (Tadano et al., 1996). 
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Figure 2.4 Scoliotic spine corrected with brace. (a) Before bracing. (b) After 

bracing (Weiss et al., 2007). 

 

 

Table 2.1 Severity of the scoliotic curve expressed in Cobb angle and its 

corresponding treatment (North American Spine Society). 

Curve in degrees 

(Cobb Angle α) 
Treatment 

0-20 
Observe for 

progression 

20-25 

Brace if progression 

is documented and 

substantial growth 

remaining 

25-30 
Brace if progressive 

and growth remains 

30-40 
Brace if growth 

remains 

40-50 
Brace if growth 

remains vs. surgery 

>50 Surgery 

(a) (b)
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2.4   Implant rod fixation 

Surgical treatment of severe scoliosis requires fixation of implantable devices 

such as metallic screws, hooks, wires and rods. These devices are implanted 

and directly fixed into the spine using a surgical technique dependent on the 

type of fixation system being used. For the past decades, several surgical 

fixation systems and their corresponding techniques have emerged. These will 

be discussed in the succeeding sections. 

 

Harrington spinal fixation system 

In 1960s, Harrington revolutionized the treatment of scoliosis by introducing 

the first widely used spinal implant fixation system (Harrington, 1962). A 

scoliosis case was corrected using the Harrington system as shown in Fig. 2.5. 

The Harrington system consists of distraction rods and hooks. The  

c-shaped clamp of the hook is attached (hooked) onto the lamina of the 

vertebra while the body of the hook is fastened to the rod through its grooves 

(Fig. 2.5(right)). The hooks in the concave side (left rod) are distracted (i.e. 

pulled in tension) while hooks in the convex side (right rod) are compressed 

optionally. As a result, a significant reduction of the scoliotic curve can be 

observed. The hooks are then fixed into the rods. The hooks carry the 

distraction (tensile) and compression forces. These implants fix the spine to 

remain in the corrected shape to prevent the spine from going back to its 

previous scoliotic or deformed shape. However, during longer follow-ups, the 

Harrington system demonstrated poor results. Due to its inherent design 

limitation, (i.e. a two-dimensional correction system) sufficient correction of 

the rotational and sagittal curve were not attained (Willers et al., 1993). Major 

complications of the Harrington system include mechanical failure such as rod 

breakage and dislodgement of hooks from the lamina (McAfee and Bohlman, 

1985). The technical difficulties on the use of the system were raised, 

particularly in securing the hook on the rod at the superior end. The hook at 

the superior end migrates down the rod resulting in loss of fixation leading to 

failure of scoliosis correction (Gertzbein et al., 1982). Furthermore, problem 
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on laminar fracture was raised, it was confirmed that the hook forces were 

concentrated at the lamina as revealed from the fracture patterns of the cadaver 

specimens (Freedman, 1986). 

The Harrington spinal instrumentation system addressed scoliosis as a 

two-dimensional deformity. Currently, the mindset has changed. Scoliosis is 

now referred to as a three-dimensional deformity of the spine with vertebral 

rotation. Despite of the design limitations and problems, the Harrington spinal 

instrumentation system has been used for decades. This system has 

enlightened surgeons and bioengineers to the possibility of using an internal 

correction system such as metallic devices to correct the scoliosis deformity. 

 

Pedicle screw fixation system 

A more sophisticated implant fixation system that can be placed throughout 

the thoracic and lumbar vertebrae has been developed using pedicle screws 

and rod. Its name is literarily derived from the part of the vertebra “pedicle”, 

where the screw is inserted into the medullary or central area of the pedicle.  

Various methods or surgical techniques on how to fix the pedicle 

screw to the rod have been proposed (McLain et al., 1993; Schlenk et al., 

2003; Schlenzka et al., 1993; Steinmetz et al., 2008). However, the 

fundamental surgical technique of pedicle screw fixation is almost the same 

and will be discussed here. The pedicle screw is inserted inside the pedicle 

through the vertebral body using a screw driver as shown in Figs. 2.6(a)(b). 

Once the screws are in place, surgeon bends the implant rod to attain a certain 

curvature corresponding to the severity of the scoliosis case. The implant rod 

is attached into the head of the screw as shown in Fig. 2.6(c). In this time, the 

implant rod may still translate or rotate. The setscrews are then attached and 

tightened in the top part of the screw head of the pedicle screws as shown in 

Fig. 2.6(d).  Thus, the problem on the possibility of implant migration (hook 

migration) to the spinal canal is not possible in this system. Furthermore, the 

forces will be more distributed since the implants can be fixed in each vertebra 

or many vertebrae than the Harrington system (Fig. 2.5). 
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Figure 2.5 Scoliotic spine (left). Scoliosis correction by Harrington spinal 

instrumentation system (right) (Harrington, 1962). 

 

 

Figure 2.6 General procedure for pedicle screw fixation (Pangea System 

Technique Guide, Synthes
®
). 

(a) Pedicle screw                (b) Screw inserted to pedicle

(c) Implant rod is attached                    (d) Rod is fixed
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Rod rotation technique  

The design capability of the pedicle screw fixation system to correct the 

deformity of the spine in three-dimensions has set off several correction 

systems including the famous Cotrel-Dubousset system. In 1980s, Cotrel and 

Dubousset introduced a new spinal instrumentation system called the CD 

system that allows the use of rod rotation techniques (Cotrel and Doubousset, 

1988). The system includes monoaxial pedicle screw or rigid pedicle screw 

(i.e. the screw head design doesn’t allow temporary screw head movement), 

polyaxial pedicle screws (i.e. the screw head is designed to allow temporary 

head movement), laminar hooks and rod. The screws are attached to the 

posterior spinal elements as shown in Fig. 2.7(a). Scoliosis correction is 

initiated by attaching a rod to the pedicle screws or hooks at the concave side 

(left side) of the deformity. Initially, the rod can still move or rotate. A rod 

rotating device is used to hold and rotate the rod (about 90 degrees). The 

rotation maneuver corrects the deformity by bringing the scoliotic spine to the 

midline in the coronal plane as shown in Fig 2.7(b). 

Although better curve correction has been attained in the CD system, 

complications including mechanical failures were still being reported.  

Guidera et al. (1993) reported a total of 17 complications, including hook 

pullout, hardware prominence, infection, pseudarthrosis and two cases of 

broken CD implant rods. This indicates that a single-rod system will not work 

in all scoliosis cases. Furthermore, four cases of intraoperative laminar 

fractures and five cases of postoperative hook dislodgement were reported 

during the use of the CD system (Schlenzka et al., 1993). The undeniable 

imperfections of the current CD system which may be due also to the fact that 

the spine itself is still too complex to understand has led to continuous search 

for better instrumentation system and correction technique.  
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Figure 2.7 Illustration of the posterior rod derotation technique using the 

Cotrel-Dubousset system. (a) A rod rotating device is used to hold and rotate 

the rod that is temporarily untightened. (b) Curve correction is attained after 

rotation (Cheng et al., 2008). 

 

 

 

 

 

 

(a) Before rod rotation                                 (b) After rod rotation 
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2.5   Simultaneous double rod rotation technique (SDRRT) 

Due to the existing problems found in the CD system, a surgical correction 

technique is currently being developed by the Department of Orthopaedic 

Surgery, Hokkaido University (Ito et al., 2010). The surgeons propose the use 

of two rods instead of one in order to augment its strength and prevent rod 

breakage which is currently an existing mechanical problem in the CD system. 

The ultimate goal of the surgical technique is to attain the normal 

curvature of the spine through simultaneous rotation of implant rods. The 

procedure of the surgical technique using a wood model is shown in Fig. 2.8. 

Similar to CD system, the polyaxial pedicle screws are inserted first into the 

vertebra (wood blocks) of the spine. Since the screws are polyaxial, the head 

of the screw can temporarily rotate if it is not yet fully tightened. This 

mechanism can be seen because the heads of the screws are oriented at 

different directions (Fig. 2.8(a)). The implant rods are then inserted into the 

head of the screws as shown in Fig. 2.8(b). In this time, the implant rods can 

still translate or rotate because the screws are not yet fully tightened. A rod 

rotating device is used to hold and rotate the rods. The rods are simultaneously 

rotated up to 90 degrees. As a result, the previous lateral curvature of the bent 

rod is transferred into the sagittal plane while the straight profile was 

transferred into the coronal plane (Fig. 2.8(c)). Thus, the vertebrae are brought 

together at the same time in the corrected position through simultaneous 

rotation maneuver of rods.  

The implant screws that hold the rods are fully tightened to fix and 

stabilize the corrected spine. Scoliosis deformity correction is now attained, 

however, analysis of the implant rod geometry before implantation and after 

surgery revealed a substantial degree of deformation of implant rod. This 

implies that the corrective forces developed during the rotation maneuver were 

high and deformed the implant rod during scoliosis corrective surgery. The 

biomechanical significance of rod deformation is discussed in the next section. 
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Figure 2.8 Wood model used to simulate simultaneous double rod rotation 

technique. (a) Polyaxial screws are inserted into the block of wood. (b) Pre-

bent rods are attached into the head of the screws. (c) Curve correction is 

attained after simultaneous rotation of rods (Redrawn from Ito et al., 2010). 

(b)  Pre-bent rods are attached; 
before simultaneous rotation  

 (a)  Screws are inserted 

(c)  After simultaneous rotation of rods  

Sagittal Plane         Coronal Plane 

90° 

90° 

Sagittal Plane        Coronal Plane Coronal Plane 

Transferring the lateral 
curve into the sagittal 
plane by 90° rotation 
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2.6   Implant rod deformation 

The biomechanical basis of scoliosis correction is to apply suitable corrective 

forces by deforming the scoliotic spine into a desired shape. A significant 

amount of force is necessary to deform the scoliotic spine during scoliosis 

surgery because the inherent spine stiffness provides mechanical resistance to 

deformation correction. Scoliosis correction is attained by application of 

corrective force to the abnormally deformed spine using implant rods and 

screws (Figs. 2.9(a)(b)). The forcefully deformed or corrected spine should be 

fixed firmly in the corrected position and if not, the spine will go back to the 

previous scoliotic shape due to its inherent stiffness (Matsumoto et al., 1997; 

Lafon et al., 2010). Thus, the corrective forces are being carried by the implant 

rods throughout the fixation period. 

 In the surgical technique, the simultaneous rotation maneuver of rods 

is attained when a torque is applied to the rotating device to de-rotate the 

deformed spine. The torque required for the rotation maneuver corresponds to 

the corrective forces carried by the implant rod transferred to the spine through 

the screws. These forces are developed due to the inherent stiffness of the 

scoliotic spine which resists the deformation correction. The magnitude of the 

corrective force, however, was high which deformed the implant rod in 

scoliosis deformity surgery. Figure 2.9(c) shows the three-dimensional 

geometry of implant rod before surgery (implantation) and after surgery. The 

implant rod geometry before surgical implantation was measured by the 

surgeons. The implant rod geometry after surgery was measured by CT 

imaging. It can be seen that the implant rod was significantly deformed after 

the surgical treatment of scoliosis. Understanding the magnitude of corrective 

forces is important to prevent implant and bone overload. If corrective forces 

are known, its extent may provide surgeons an idea on how to improve the 

surgical procedures. Likewise, knowledge on the magnitude of corrective 

forces acting on the implant rods may provide an in-depth understanding of 

the biomechanics of scoliosis correction. The main objective of this study was 

to develop a method to calculate the corrective forces from implant rod 

deformation using Finite Element Analysis. 
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Figure 2.9 Deformation of implant rod in scoliosis deformity surgery. 
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3.1   Abstract 

Surgical treatment of scoliotic spine is attained when it is fixed into a desired 

shape by implant rods and screws. Surgical correction was attained, however, 

the postoperative Computed Tomography (CT) image showed a significant 

deformation of implant rod indicating that there were corrective forces acting 

on it after the surgical treatment of scoliosis. A method to analyze the 

corrective forces acting at the deformed rod using the changes of implant rod 

geometry before implantation and after scoliosis surgery was proposed. The 

method was an inverse approach based on Finite Element Analysis (FEA). The 

geometries of implant rod before implantation and after the surgical treatment 

were measured three-dimensionally. The implant rod before the surgical 

implantation was reconstructed using an elasto-plastic finite element model. 

The three-dimensional forces were applied to the rod model through the 

locations of the screws. The forces were applied iteratively to the finite 

element model until the rod model was deformed the same after the surgical 

treatment of scoliosis. There were three (3) scoliosis patients involved in this 

preliminary study. The magnitude of corrective forces were obtained after a 

series of iterations and the maximum force acting at the screw of the three 

patients ranged from 198 N to 439 N. Based from previous studies, the 

magnitude of forces obtained in this study was clinically acceptable. We have 

found out that the maximum forces occurred at the lowest fixation level of 

vertebra of each patient. The three-dimensional forces acting at the deformed 

rod were analyzed from the changes of implant geometry using this method.  
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3.2   Introduction 

Treatment of severe scoliosis deformities require surgical fixation of spinal 

devices such as rods, screws, hooks and wires. Various surgical techniques 

have evolved and became more sophisticated in applying the corrective forces 

to three-dimensionally deform the spine into desired shape using spinal 

implants. These surgical techniques are the rod rotation technique or popularly 

known as Cotrel-Dubousset (CD) technique, Simultaneous Double Rod 

Rotation Technique (SDRRT) and other techniques (Cheng et al., 2008; Cotrel 

et al., 1988; Guidera et al., 1993, McLain et al., 1993; Schlenk et al., 2003; Ito 

et al., 2010; Zielke, 1982).  

Surgical correction of scoliosis deformity requires surgical technique 

or procedure. In this study, the SDRRT surgical technique was used to correct 

the scoliosis deformity. Two pre-bent rods were used and inserted into the 

polyaxial screw heads. The polyaxial screw heads remained untightened until 

the rod rotation was completed, i.e to permit rotation and translation of rod 

inside the screw head during the rod rotation maneuver. A rod rotating device 

was used to hold tightly and rotate the rod. A torque was applied on the rod 

rotating device to rotate the rod (approximately 90°). During this time, due to 

the inherent resistance of the spine, the corrective forces on rods are developed 

through the screws to deform the spine into the desired shape. Scoliosis 

correction was attained, however, the corrective forces acting on screws were 

high enough which deformed the implant rod after the surgical treatment of 

scoliosis. Investigation of the biomechanical changes, i.e. specifically the 

magnitude of corrective forces which caused the deformation of implant rod in 

vivo is important in understanding the biomechanics of scoliosis correction. 

Several authors had analyzed the corrective forces during scoliosis 

correction using patient-specific finite element models (Lafon et al., 2009; 

Wang et al., 2011a). They were successful in analyzing the corrective forces 

occurring on the implant-vertebra interface. However, the magnitude of forces 

obtained might not be so realistic because their finite element models were 

only up to the elastic deformation of the implant rod. Elasto-plastic 
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deformation should have been considered in their analyses. Also, the rod 

geometry acquisition methods were limited because they did not quantitatively 

measure the actual initial geometry of the implant rod. The geometry of the 

implant rod was just approximated from the postoperative radiographs and 

videos. Thus, significant limitations still exist because they did not obtain 

quantitatively the initial and final three-dimensional geometry of rod, 

consequently the corrective forces using their methods. 

The main objective of this study was to propose a method to analyze 

the three-dimensional forces acting at each screw from the changes of implant 

rod geometry after scoliosis surgery. These are the corrective forces developed 

at each screw transferred to the implant rod due to the resistance of spine 

during scoliosis correction surgery.  

 

3.3   Methods 

3.3.1   Force analysis from rod deformation 

Figure 3.1(left) shows the posterior CT image of the spine after the surgical 

treatment. The spine is now fixed by implant rods and screws. The change of 

the implant rod geometry at the concave side of the deformity before surgery 

(i.e. before implantation) and after surgery indicate a significant deformation 

of the implant rod (Fig. 3.1(right)). The deformation of the implant rod was 

caused by the corrective forces acting on the implant screws. Since the finite 

element model was three-dimensional, the coordinate system proposed by the 

Scoliosis Research Society was used to standardize the three-dimensional axes 

of the implant rod (Yeung et al., 2003). The positive x-axis is directed 

anteriorly, the positive y-axis is directed toward the left lateral side and the 

positive z-axis is directed toward the superior direction.  

Generally, when a material is deformed, forces occur in accordance to 

the deformation. Figure 3.2 is a schematic diagram showing the implant rod 

deformation before and after surgery. The origin (0,0,0) was set at the inferior 

end of the rod. The three-dimensional force iF


acting at the screw (i-th from  
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Figure 3.1 Image showing the corrected spine after surgery (left). Implant rod 

deformation during the surgical treatment of scoliosis (right). 

 

 

Figure 3.2 Schematic diagram of 3D rod geometry before and after surgery. 
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the bottom) which displaced the position of the screw before surgery 
0

ip


into 

after surgery 
*

i
p


 is required in the inverse analysis. Initially, zero force is 

applied to the screw 
0

ip


; the rod geometry before surgery. The displacement 

ip


is calculated using FEA. To iteratively search the forces acting at the 

deformed rod after surgery, the difference 
i

e


 which is defined as the distance 

between the screw location 
*

ip


 
on the rod geometry after surgery

 
and 

displaced location ip


 was used in the iteration process. The direction of the 

three-dimensional force iF


 created from the x-z plane is defined as the angle 

i . The direction of force along y-z plane was neglected because CT 

acquisition could not accurately detect significant deformation along this side. 

Figure 3.3 shows the inverse procedure to calculate the corrective 

forces from the implant rod deformation. The three-dimensional rod 

geometries before and after surgery were already known. The rod diameter 

was 6 mm and the rod length and curvature depends with each patient. The 

finite element model of the rod was made by a 10 node tetrahedral solid 

elements using finite element software ANSYS 11.0 (ANSYS, Inc., 

Pennsylvania, USA). The boundary condition was set considering the manner 

of rod fixation during the surgical treatment. The screws’ coordinates were 

reoriented or rotated such that the most superior screw coincides with the z-

axis (i.e. on top of the most inferior screw) because each patient has different 

implant rod orientation and fixation levels. The most inferior screw at the end 

of the rod was fixed in all translations but free to rotate while the most 

superior screw was also fixed except that it was free to move along the 

superior direction only. 

Forces iF


 were set with initial negligible values. Elasto-plastic 

analysis was used because the implant rod was made from a titanium alloy 

(JIS T 7401-3), i.e. a typical elasto-plastic material. The deformation behavior 

of the rod in uniaxial tensile loading is shown in Fig. 3.4. In the elastic region 

)0(
Y
  , the stress-strain relation and E  as the elastic modulus is 

expressed in Eq. (3.1).  

 E                                             (3.1) 



 
Chapter 3 Force Analysis From Rod Deformation 

34 

 

The stress-strain relationship in the plastic region )(  
Y

is expressed 

in Eq. (3.2). The Y  is the yield strain which indicates the beginning of plastic 

deformation. 

)(
YY

HE                         (3.2) 

The material properties of the rod model were Elastic Modulus E , 

yield stress Y , yield strain Y  and hardening coefficient H  equal to 105 GPa, 

900 MPa, 8.57x10
-3

 and 2.41 GPa, respectively. The von Mises stress was 

obtained to evaluate the stress distribution along the deformed implant rod. 

The displacements from elasto-plastic deformation ip


 were computed 

using FEA. The difference ie


 at each screw location was calculated from the 

screw location after surgery 
*

i
p


. The evaluating function which was defined as 

the sum of the squares of differences on each screw is expressed in Eq. (3.3). 

αe
1

2




n

i

i



                            
(3.3) 

If the evaluating function is greater than α
 
(where 0.5α  ), the value 

of the applied forces iF


 are replaced using  

iii e FF



                            

(3.4) 

The constant coefficient  in Eq. (3.4) was introduced in every 

iteration step to attain a smooth and rapid convergence. The constant 

coefficient   is equal to 0.5 N/mm. The process repeats until the value of Eq. 

(3.3) is less than α . The forces at this iteration step are considered to be the 

optimal forces. These are the corrective forces transferred to the spine because 

the implant rod is directly connected to it through the screws. Furthermore, the 

stress or strain distributions of the deformed implant rod caused by the forces 

iF


 were obtained in this study. 

 

3.3.2   Clinical geometry measurements 

The implant rod initial geometry was measured from the actual rod used 

before surgical implantation by the attending spine surgeons. The implant rod 

geometry after surgery was obtained a week (maximum) after the surgical 
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operation using Aquilion 64 CT scanner (Toshiba Medical Systems 

Corporation, Tochigi, Japan). The slice thickness was 0.5 mm. The images 

were imported into CAD software Solidworks (Dassault Systemes, 

Massachusetts, USA) to measure the 3D geometry and deformation. This 

procedure was approved by the research ethics committee of the Graduate 

School of Medicine and a proper informed consent was explained and 

obtained from all patients. The three patients were classified as severe 

Adolescent Idiopathic Scoliosis (AIS), i.e. with high Cobb angle that requires 

surgical treatment. The Universal Spine System (USS) II 6 mm diameter rods 

and polyaxial pedicle screws (Synthes GmbH, Oberdorf, Switzerland) were 

implanted using the SDRRT surgical technique. The clinical data of the 

patients used in this study is listed in Table 3.1. 

In SDRRT, two implant rods are used for both the concave and convex 

side of the deformity. However, in all patients, the rod geometry images show 

that the rod at the convex side was not deformed (i.e. deformation was too 

small to be detected by CT imaging) after the surgical treatment of scoliosis. 

This implies that the corrective force acting on the rod at the convex side was 

negligible. On the other hand, the rod at the concave side was significantly 

deformed. The three-dimensional changes of rod geometry at the concave side 

of the three patients were used to analyze the corrective forces acting at the 

deformed rod after the surgical treatment of scoliosis. 

 

3.4   Results 

3.4.1  Corrective forces 

The iteration process was stopped when the objective function was less than α  

and the applied forces at this iteration step was referred to as the optimal 

forces iF


. Figure 3.5(top) shows the magnitude of three-dimensional forces 

acting at the vertebrae of Patient 1. These forces were acting at the deformed 

implant rod after scoliosis surgery. The direction of the three dimensional 

forces at each vertebra level along the x-z plane is defined by angle i . 
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Figure 3.3 Procedure for corrective force analysis. 
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Figure 3.4 Bilinear elasto-plastic material model. 

 

 

 

Table 3.1 Clinical data of the three scoliotic patients. 

 

Patient Gender Age 
Cobb angle 

before surgery 

Cobb angle  

after surgery 

Screw  

locations  

Rod 

length 

(mm) 

1 Female 16 57° 13° 

T5, T6, T7, 

T10, T11, 

T12, L1, 

L2 

226  

 

2 Female 15 59° 28° 
T6, T7, 

T11, T12 

159  

 

3 Female 14 68° 18° 

T6, T7, 

T11,  

T12, L1 

177  

 

 

 

σ

εεY

E

H

σY

0

elastic plastic

Tadano Figure 4
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The direction of forces along the y-z plane was neglected since the rod was not 

deformed along that plane. Figure 3.5(bottom) shows the magnitude of forces 

that deformed the implant rod for Patient 2 and Patient 3. The maximum 

forces obtained were 248 N, 198 N and 439 N for Patient 1, Patient 2, and 

Patient 3, respectively.  

 

 3.4.2   Stress distribution 

Since implant rod breakages have been reported previously by a number of 

studies, the possible location of rod breakage was also investigated. The von 

Mises stress distributions were obtained using FEA to find the possible 

location of rod breakage. Figure 3.6 shows the von Mises stress distributions 

when the implant rod was deformed after the surgical treatment of scoliosis. 

The maximum von Mises stresses were 726 MPa, 241 MPa, 905 MPa located 

about at T10 for Patient 1, T11 for Patient 2, T11 for Patient 3, respectively.  

 

3.5   Discussion 

The corrective forces acting at each screw were calculated using the changes 

of the implant rod geometry before and after surgery. The current maximum 

forces obtained in this study were located at the lumbar region 248 N, 198 N 

and 439 N for Patient 1, Patient 2, and Patient 3, respectively. These forces 

were developed at each screw when the scoliotic spine resisted the rotation of 

the rod. In effect, the forces deformed the rod after the surgical treatment of 

scoliosis.  

Furthermore, the present method could be used also to analyze the 

post-operative corrective forces from the changes of implant rod geometry 

after many months or years. This is possible by detecting changes of the 

implant rod geometry using CT imaging of implant rod. Post-operative daily 

living activities such as standing, bending, walking and etc. may change the 

loads and rod shape in vivo. Such activities may cause the corrective forces to  
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Figure 3.5 Magnitude of the three-dimensional corrective forces acting at 

each screw calculated from implant rod deformation. 
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increase or decrease which may affect the rigidity of the fixation. These 

activities could also develop high corrective forces which might be unsafe to 

the patient. The present method will be applied to investigate the magnitude of 

post-operative corrective forces from the changes of implant rod geometry 

during future patient follow ups.     

The objective of optimal scoliosis correction is to deform and fix the 

scoliotic spine into the desired shape without damaging deformations and 

neurological complications. This could be attained by applying suitable 

corrective forces to the spine through implant rods and screws. However, the 

corrective forces required to correct the deformity must be sufficient enough 

to achieve the required correction. Previously, Lou et al. (2002) attached strain 

gages to the rod rotating device. They monitored the torsional force applied by 

the surgeon at the rotating device during the CD derotation maneuver. The 

measured torsional force ranged from 22-57 N. Although patients were limited, 

they found an increasing trend between the applied force and degree of 

correction. However, the corrective forces acting at each screw were difficult 

to measure since the rotating device is attached only to a single location along 

the implant rod. The magnitude of forces occurring at each screw is also 

important because overloading due to the rod rotation maneuver might occur 

(Little and Adam, 2010).  

Another important issue during scoliosis surgery is the loss of feeling 

of the surgeon to feel the resistance of each corrected level (i.e. located at each 

screw). This is because the rod rotating device is attached to the rod at a single 

location only. The magnitude of corrective forces occurring at each screw 

could be excessive. Indeed, 15 cases of pedicle fractures were reported during 

the rod rotation maneuver due to excessive corrective forces (Di Silvestre et 

al., 2007). Although it is still difficult, however, it will be more useful 

clinically if we can directly establish the relation of the required torque to 

rotate the rod and the forces acting on each screw or vice versa. From this, the 

spine surgeons can decide intraoperatively whether the applied torque during 

the rotation maneuver is within the safe level of force. 
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Postoperative complications such as loosening and breakage of screws 

and rod breakage have been reported previously by many studies. Guidera et 

al. (1993) reported broken implant rods during the use of CD instrumentation. 

The breakage risk was investigated using von Mises stress. The von Mises 

stress distribution along the entire length of the deformed rod was obtained. 

The possible locations of rod breakage can be located. This also demonstrates 

the usefulness of the current method in locating possible locations of implant 

rod fracture by evaluation of the stresses distribution after the surgical 

treatment of scoliosis. 

More accurate measurement of implant rod geometry before the 

surgical treatment is important to attain more accurate results. Currently, the 

surgeons manually traced the bent rods before surgical implantation. The 

traced geometry was scanned and reconstructed as an image file. The CT 

imaging can be used also to measure the rod geometry before surgical 

implantation. Although this has not been performed yet, we have to consider 

its viability in the clinical setting. Furthermore, a precise 3D geometry 

measurement method can be developed using cameras. Optical imaging using 

cameras is useful clinically because it can measure the shape of the rod 

without contact.  

Optimal fixation level or configuration of implant screws should be 

also investigated in the future because the scoliosis cases presented here shows 

that the screws were not inserted at all vertebral levels. The corrective forces 

might change if more or lesser screws were used and there can be various 

screw placement configurations applicable for a certain scoliosis case. Some 

authors investigated the different screw placement configurations in anterior 

spine instrumentation using a biomechanical model (Desroches et al., 2007). 

They were successful in finding the optimal screw placement configurations 

before surgery as confirmed by the post operative results. Some screw 

placement configurations were not recommended because the calculated 

corrective forces exceeded the published pullout forces. Their study introduces 

the possibility to perform preoperative planning using the anterior approach. 

Further study considering not only the deformation of rod but also the effect of 
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various screw placement configuration to the corrective forces in SDRRT 

surgical technique shall be further investigated, i.e., to investigate the optimal 

number and placement of screws preoperatively.  

Lou et al. (2002) also strengthened that too much high corrective 

forces can cause implant breakage or bone fracture which may lead to pullout 

of the screws from the vertebra. The magnitude of corrective forces is 

important during scoliosis surgery. Liljenqvist et al. (2001) performed pullout 

tests of pedicle screws using nine human cadaveric thoracic spines. The 

measured pullout strengths of the pedicle screws ranged from 532 N to 808 N. 

Although this value seems to be unsafe because it is close to the maximum 

calculated value of our study (i.e. 439 N), implant differences as well as 

specimen (osteoporotic vs. normal, age, sex) need to be considered for better 

comparison. The closest pullout experiment that can be compared to our 

results was conducted by Seller et al. (2007). They used calf vertebrae and the 

same implant screw that has been used in this study (i.e. USS II posterior 

screw). The average pullout force obtained was 2413 N and that was 

approximately 5.5 times higher than the maximum calculated force of our 

study (2413 N / 439 N ≈ 5.5). This indicates that the forces acting on the 

screws of the current scoliosis patients are still safe and far below than the 

pullout force threshold. Again, differences in bone quality and implant 

configurations such as implant insertion depth might affect the current 

comparisons. It is highly suggested that actual pullout experiments shall be 

conducted to validate these findings. Nevertheless, problems involving screw 

pullout did not occur as confirmed by the spine surgeons. 

Two implant rods were used for each scoliosis patient, i.e. for the 

concave and convex side of the deformity. The geometry of implant rod 

attached on the concave and convex side of Patient 1 is shown in Fig. 3.7. It 

was noticed that the rod geometry of all patients at the convex side did not 

change (undetectable deformation by CT imaging) after the surgical treatment. 

Further investigation must be done in order to elucidate the mechanism of 

these findings. Conversely, the rod at the concave side indicates that it has a 

significant mechanical role during correction of scoliosis deformity.  
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Figure 3.6 von Mises stress distribution of the deformed implant rod after the 

surgical treatment. 

 

 

 

Figure 3.7 Rod geometries in the concave and convex side before and after 

the surgical treatment of Patient 1. 
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The implant rods and screws are fixed into the spine for a long period 

of time. The bone of the spine is continuously remodeling or adapting its 

structure during the fixation period. At this time, the forces acting on the rod 

might change due to adaptation of spine. The changes of rod geometry will be 

further investigated using CT imaging during future follow ups. 
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4.1   Abstract 

Implant rods and screws are used for the treatment of severe scoliosis to 

stabilize and support the forces applied during the correction of spinal 

deformity. Several studies measured the scoliosis corrective forces developed 

during the surgical procedure using biomechanical finite element modeling. 

These studies approximated the clinical outcome and measured the corrective 

forces acting on the screws. However, they were not able to measure the 

intraoperative three-dimensional geometry of implant rod. Thus, the results of 

biomechanical modeling might not be so realistic and the corrective forces 

during the surgical correction procedure could not be measured 

intraoperatively. Techniques in projective geometry had shown to be 

successful in three-dimensional reconstruction of shapes using the images 

obtained from different views. In this study, we propose a numerical method 

to measure the intraoperative three-dimensional geometry of implant rod in 

vivo based on two cameras. The reconstruction method only requires few 

parameters, i.e. the included angle   between the two cameras, actual length 

of rod in mm and location of points for curve fitting. The spinal rod that is 

being utilized during scoliosis surgery was used to evaluate the accuracy of the 

current method. The three-dimensional geometry of rod was measured using a 

conventional scanner and compared to the proposed method based on two 

cameras. The average error ranged from 0.32 to 0.45 mm. The numerical 

method presented here demonstrated the possibility of measuring the 

intraoperative three-dimensional geometry of spinal rod during scoliosis 

surgery. 
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4.2   Introduction 

Treatment for severe scoliosis deformity often leads to surgical intervention 

using implant rods and screws. These spinal devices are used to stabilize and 

support the forces applied during the correction of spinal deformity. Previous 

studies involving patient specific biomechanical models of spine and implants 

were useful in estimating the clinical outcome and corrective forces acting on 

the rods. However, these studies lack accurate method to measure the three-

dimensional geometry of implant rod during scoliosis surgery. The implant 

rod geometry was just approximated from the postoperative radiographs 

(Aubin et al., 2003; Desroches et al., 2007; Lafon et al., 2009; Wang et al., 

2011a). Thus, they have to assume that the rod does not deform during the 

surgical treatment of scoliosis or being a rigid body model. As a consequence, 

too high forces were obtained due to overly constrained displacements (Aubin 

et al., 2008). The reported values of corrective forces were so high that should 

have deformed the spinal rod during scoliosis surgery. The deformation of 

implant rod during scoliosis correction surgery using Simultaneous Double 

Rod Rotation Technique (SDRRT) was reported by Salmingo et al. (2012a) 

and Ito et al. (2010). They measured the corrective forces from implant rod 

deformation, however, they were not able to measure the intraoperative 

deformation of rod during the surgical treatment of scoliosis. Intraoperative 

deformation of rod is also directly related to the intraoperative forces acting on 

the spine during scoliosis surgery. Thus, it is necessary to develop a method 

that can measure the intraoperative three-dimensional geometry of spinal rod 

during scoliosis surgery.  

 Stereographic images obtained by cameras at different views can be 

mathematically described into three-dimensions using projective geometry 

techniques (Hartley and Zissermann, 2003). The first objective of this study 

was to propose a numerical method to measure the three-dimensional 

geometry of spinal rod using two cameras with only few parameters (i.e. 

included angle between the cameras, length of implant rod and location of 

points for curve fitting). The second objective was to evaluate the accuracy of 
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the numerical method using the actual implant rod used during scoliosis 

surgery. 

 

4.3   Methods 

4.3.1   Implant rod 3D geometry reconstruction 

Figure 4.1 shows how two points in three-dimensional space can be 

represented into two stereographic planes or two views. The image plane of 

each camera was oblique with each other by an included angle   (Fig. 4.1(a)). 

To establish the reference and standardize the three-dimensional coordinate 

system, the coordinate system of Camera 1 was used. The optical axis is the 

imaginary line passing through the center of the lens of Camera 1. The optical 

axis is set parallel to the x-axis. The y-axis concurs with the u-axis and the z-

axis lies with the v-axis of Camera 1. The two cameras were positioned 

allowing v and h axes to be parallel. The location of the other point from the 

origin (0,0,0) obtained by image projections were measured in pixels as  

),( 11 vu  and ),( '

1

'

1 hw , left image (Camera 1) and right image (Camera 2), 

respectively. 

Since v-axis and h-axis are parallel, height  1v  should be equal to 
'

1h  in 

theory. However, the actual values of both coordinates obtained by the two 

cameras do not perfectly result into this relation due to the differences in 

intrinsic parameters of each camera (e.g. focus, positioning error). To 

compensate the difference, a scaling factor '

11 hvf s   was used to transform 

the location of points in Camera 2 using equations 

'

111 hfvh s   (4.1a) 

'

11 wfw s                                                                                                (4.1b) 

The points when projected above could be described by Fig. 4.1(b). 

The geometric relation of points yields to  

 180                                                    (4.2) 
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Figure 4.1 Three-dimensional reconstruction from different views. (a) 

Projection of points in image plane of each camera at different views (b) 

Geometric relation of points when viewed from the top. 
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The distance of point along x-axis from the origin (0,0,0) can be 

computed using equation 

 tansin 11 uwx                   (4.3) 

Since the positive y-axis and z-axis coincide with u-axis and v-axis 

respectively, the three-dimensional location of two points can be computed 

using the generalized matrix  
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                                                  (4.4)   

Figure 4.2(a) shows a schematic model of spinal rod in three-

dimensional space where left and right images are projected at different views. 

The locations of points (cross marks) were arbitrarily selected from the 

inferior to superior endpoints along the central axes of rod, Fig. 4.2(b). The 

selected points in the left image were fitted by least-square method using 

quintic polynomial function proposed by Kanayama et al. (1996) and Tadano 

et al. (1996) expressed as  

5

5

4

4

3

3

2

21)( vavavavavavu                                               (4.5) 

The coordinates of superior endpoints were obtained to compute the 

distance using the scaling factor sf . The scaling sf  in Eq. (4.1) was computed 

for the right image to transform the location of selected points in Camera 2. 

The transformed points in the right image were also fitted as 

5

5

4

4

3

3

2

21)( hbhbhbhbhbhw                                                (4.6) 

The transformed superior endpoint maxh , i.e. also equal to maxv  after 

transformation was divided by n-divisions. Equations (4.5) and (4.6) were 

evaluated for n-divisions equal to maxmax vnv   or maxmax hnh  . Thus, the 

previous generalized matrix for spinal rod at n-divisions becomes 
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            (4.7) 
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Figure 4.2 (a) Curved implant rod in space projected at different views. (b) 

Selected points (arbitrary) from inferior to superior endpoint in left and right 

images of rod for quintic polynomial curve fitting. 
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The locus of the three-dimensional points can be computed in three-

dimensions having coordinates ),,( nnn zyx expressed as n-divisions by Eq. 

(4.7). To mathematically express the three-dimensional coordinates 

),,( nnn zyx of rod using parametric equations, they were fitted again by quintic 

polynomial functions as 

5

5

4

4

3

3

2

21 zczczczczcx                                                      (4.8a) 

5

5

4

4

3

3

2

21 zdzdzdzdzdy                                                      (4.8b) 

 In general, three-dimensional geometry of implant rod can be 

represented by parametric equations  

5

5

4

4

3

3

2

21)( tctctctctctx   (4.9a) 

5

5

4

4

3

3

2

21)( tdtdtdtdtdty   (4.9b) 

ttz )(                  (4.9c) 

Calibration is necessary to convert pixels into mm because the units of 

the previous equations are still in pixels. We know that deformation of rod 

caused by bending does not significantly change the length of the rod (i.e. 

measured at the neutral axis or central axis of implant rod). The actual length 

of rod actualL  expressed in mm before bending can be used for calibration 

because it is measureable prior to/before surgical implantation. The actual rod 

length was measured before bending and the curve length of rod in pixels was 

numerically integrated using trapezoidal method as 

      

t

pixel dttztytxL
0

222
)()()(                                                       (4.10) 

The calibration scale k was computed using Eq. (4.11). This also 

represents the resolution of the dual-camera system expressed in mm/pixel. 

pixelactual LLk                                                                                 (4.11) 

Thus, the parametric equations in Eq. (4.9) can be represented as a 

vector function in pixels as 

)(),(),( tztytxp r  (4.12) 
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For values of t, the 3D coordinates of rod can be converted into mm by 

equation 

kp  rr  (4.13) 

 

4.3.2   Method validation 

The USS II implant rod (Synthes GbmH, Oberdorf, Switzerland) which is 

being utilized during scoliosis surgery was used for the validation of the 

current method. To establish reference, the spinal rod was bent only in X-Z 

plane and scanned using a conventional scanner, in Fig. 4.3. Arbitrary points 

(cross marks) were selected from the inferior to superior endpoint along the 

central axis of rod. A scale was used for image calibration. Image processing 

algorithm was programmed using MATLAB software (Mathworks, 

Massachusetts, USA). The scanned three-dimensional geometry of rod was 

also expressed using quintic polynomials as  

5

5

4

4

3

3

2

21)( tetetetetetX   (4.14a) 

0)( tY  (4.14b) 

ttZ )(                                                                                               (4.14c) 

The bases of the two digital cameras Nikon D60 (Nikon Corporation, 

Tokyo, Japan) were fixed on the same plane for the reconstruction of the 

three-dimensional implant rod geometry. The included angle θ was set at 120 

degrees. The bent implant rod was attached to the spine sawbone using three 

different positions (Fig. 4.4). These positions correspond to the possible 

implant rod orientation during scoliosis surgery using rod rotation technique 

(i.e. SDRRT). The first position indicates the position of rod after the rotation 

maneuver. The second and third positions show the rod position before the rod 

rotation maneuver. This is when scoliosis deformity still exists and corrective 

force has not been applied yet. To make sure that the three positions have the 

same 3D geometry during measurements, the implant rod was fixed such that 

it could not be deformed by the spine model. Both left and right images were 

obtained from the three positions. Selected points (7 points each) were fitted 

using the least square method. Curve fitting measurements for each position 
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was repeated using three trials. Since the rod was bent at a single plane, 

coordinate rotation was performed such that the coordinate axis of the two-

camera and scanner reconstruction method coincides because the orientation 

of each rod differs from each other.  

For all measurements, t was evaluated for n-divisions (set to 50 

divisions). The error was computed as the difference between the 

corresponding coordinates ),,( nnn zyx of two-camera and scanner method as 

222 ))(())(())(()( tztytxte                                              (4.15) 

 

4.4   Results 

4.4.1   Implant rod three-dimensional geometry 

The implant rod three-dimensional geometry reconstructions were conducted 

using the dual-camera system. The actual length of rod was 199.51 mm. The 

average resolution (i.e. equal to k) obtained by the scanner and dual-camera 

method was 0.04 mm/pixel and 0.12 mm/pixel, respectively. A sample of 

three-dimensional image reconstruction using the dual-camera method is 

shown in Fig. 4.5 (evaluated by t for n-divisions; 50-divisions). The results 

agree well with the geometry of the actual spinal rod because it was not 

deformed along the Y-axis direction. 

 

4.4.2   Error validation 

The average error for each measurement trial is listed in Table 4.1. The total 

mean error ranged from 0.32 to 0.45 mm and mean maximum error was 0.64 

to 0.78 mm. The average three-dimensional coordinates of the three trials for 

each position were also computed. To evaluate whether the geometries of the 

rod in different positions were the same, a coordinate rotation was performed 

such that the coordinate axis of each position coincides with each other. An 

error e(t) between the three different positions was also obtained. The mean 

error between the different positions was 0.37 mm, as listed in Table 4.2. The 

mean maximum error was 0.57 mm. 
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Figure 4.3 Scanned image of spinal rod with scale for validation of the dual-

camera method. Cross marks are selected arbitrary points for curve fitting. 

 

 

 

 

Figure 4.4 Left and right images of the three different positions obtained by 

the two cameras at different views (upper pictures are taken from the center of 

both left and right views). 
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Table 4.1 Error e(t) between the dual-camera and scanner reconstruction   

method. 

 

Trial 

1
st
 Position  2

nd
 Position  3

rd
 Position 

Ave. 

Error 

e(t) 

(mm) 

Max. 

Error 

e(t) 

(mm) 

 

Ave. 

Error 

e(t) 

(mm) 

Max. 

Error 

e(t) 

(mm) 

 

Ave. 

Error 

e(t) 

(mm) 

Max. 

Error 

e(t) 

(mm) 

1 0.39 0.83  0.42 0.84  0.35 0.90 

2 0.50 0.82  0.32 0.55  0.33 0.58 

3 0.45 0.70  0.45 0.72  0.29 0.45 

Mean 0.45 0.78  0.40 0.70  0.32 0.64 

SD 0.05 0.07  0.07 0.14  0.03 0.23 

         

 

 

 

 

Table 4.2 Error e(t) between the three different positions obtained by the dual-

camera reconstruction method. 

 

Position 

Error between different positions 

Ave. Error e(t) 

(mm) 

Max. Error e(t) 

(mm) 

1
st
 vs. 2

nd
  0.46 0.71 

1
st
 vs. 3

rd
  0.28 0.45 

2
nd

 vs. 3
rd

  0.36 0.56 

Mean 0.37 0.57 

SD 0.09 0.13 
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Figure 4.5 Typical reconstructed three-dimensional geometry of spinal rod 

using dual-camera system. It can be seen that the distance of points in y-axis is 

almost zero. This is in agreement with the actual spinal rod geometry. 
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4.5   Discussion 

Previous studies showed that the implant rod three-dimensional geometries 

were just approximated from 2D videos and images (Aubin et al., 2003, Aubin 

et al., 2008; Desroches et al., 2007; Lafon et al., 2009; Wang et al., 2011a, 

2011b). A method that can measure the three-dimensional geometry of 

implant rod in vivo is necessary to help understand the deformation behavior 

of rod as well as the biomechanics of scoliosis correction. The advantage of 

this study is that the actual implant rod length was used for calibration instead 

of calibration markers. Calibration markers could interfere and may add 

complexity during the surgical procedure. Also, the value of rod length in 

pixels is always higher than the actual rod length in mm. Thus, an error on 

measurement of actual rod length does not greatly affect k (Eq. 4.10). The 

proposed method is useful when plastic deformation exists because small 

changes in length will not significantly effect k. The included angle θ, actual 

length of rod in mm and location of points for curve fitting are the only 

parameters required to reconstruct the three-dimensional geometry of the 

spinal rod. Thus, the method presented here is relatively simple and does not 

require many parameters. Although quintic polynomial functions were used, 

functions such as B-splines could also be adapted to our method for more 

complex geometries and other applications. However, the results indicate that 

the accuracy was practically acceptable because it is within less than of a 

millimeter. The three possible rod positions during the scoliosis surgery were 

examined at different times. Although this represents the intraoperative setting, 

clinical validation studies should be conducted in the future to better evaluate 

the accuracy of the method during scoliosis corrective surgery. 
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5.1   Abstract 

Various surgical techniques for the correction of severe scoliotic deformity 

have evolved and became more advanced in applying the corrective forces. 

The objective of this study was to investigate the relationship between 

corrective forces acting on deformed rods and degree of scoliosis correction. 

Implant rod geometries of six adolescent idiopathic scoliosis patients were 

measured before and after surgery. An elasto-plastic finite element model of 

the implant rod before surgery was reconstructed for each patient. An inverse 

method based on Finite Element Analysis was used to apply forces to the 

implant rod model such that it was deformed the same rod geometry after 

surgery. Relationship between the magnitude of corrective forces and degree 

of correction expressed as the change of Cobb angle was evaluated. The 

effects of screw configuration on the corrective forces were also determined. 

Corrective forces acting on rods and degree of correction were not correlated. 

Increase in the number of implant screws tended to decrease the magnitude of 

corrective forces but did not provide a higher degree of correction. Although 

greater correction was achieved with higher screw density, the forces 

increased at some level. The biomechanics of scoliosis correction is not only 

dependent on the corrective forces acting on the implant rods but also 

associated with various parameters such as screw placement configuration and 

spine stiffness. Considering the magnitude of forces, increasing screw density 

is not guaranteed as the safest surgical strategy. 
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5.2   Introduction  

Optimal scoliosis surgical treatment is not achieved due to the variability of 

surgeons’ preferences and different correction objectives. Decision-making on 

the levels of instrumentation/fixation, types and number of implants, shape 

and size of implant rod is still dependent on individual surgeon’s experience 

(Desroches et al., 2007; Majdouline et al., 2009). Several studies were 

conducted to simulate various surgical steps and strategies to determine the 

advantages and disadvantages among the different instrumentation systems by 

comparing the distribution of corrective forces acting at the vertebrae (Wang 

et al., 2011a, 2011b). Also, preoperative surgical planning was made possible 

using patient-specific finite element models (Aubin et al., 2003, 2008). These 

studies estimated the suitable surgical strategy for scoliosis surgical treatment, 

however, the results might be unrealistic because rod deformation was not 

considered in their analyses (Aubin et al., 2003, 2008; Desroches et al., 2007; 

Lafon et al., 2009). The implant rod geometry was approximated only from 

the postoperative data. In fact, the reported magnitudes of force (range from 

several hundred and even thousand Newton) were apparently high that should 

have deformed the implant rod during the surgical treatment. Hence, the 

postoperative geometry of rod could not be used as a substitute for the initial 

implant rod geometry. Careful investigation on the geometrical changes of rod 

and corrective forces acting on it are also important to fully understand the 

scoliosis correction mechanism (Salmingo et al., 2012a, 2012b). Moreover, 

relationships between the magnitude of corrective forces, number of screws, 

screw placement configuration and degree of correction need to be established 

or elucidated. Understanding the relationships between these parameters could 

enhance the management of spinal deformities. 

The first objective of the study was to analyze the corrective forces 

acting on the deformed implant rod after the surgical treatment of scoliosis. 

The relationships between the magnitude of corrective forces, degree of 

correction, screw density, and absolute number of screws were determined.  
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5.3    Methods 

5.3.1   Patients and implant rod deformation 

Six scoliosis patients diagnosed as severe adolescent idiopathic scoliosis were 

enrolled in this study. All patients were surgically operated in the same 

orthopaedic department after the completion of requirements set by the ethics 

committee of the university hospital. Implant rods having 6 mm diameter and 

polyaxial pedicle screws of USS II Polyaxial system (Synthes GmbH, 

Oberdorf, Switzerland) were used. The implant rod length varies with each 

scoliosis patient. All rods were pre-bent only at a single plane. Implant rods 

and screws were surgically implanted following the Simultaneous Double Rod 

Rotation Technique (SDRRT) procedure as discussed in the previous chapters 

and study of Ito et al. (2010). 
 
The implant rod deformation was measured 

using the implant rod geometry. Figure 5.1(a) shows the radiograph of the 

corrected spine after the surgical treatment of scoliosis. The initial geometry of 

rod was measured before surgical implantation (Fig. 5.1(b)). The final 

geometry of rod was measured a week (maximum) after surgery by Aquilion 

64 CT scanner (Toshiba Medical Systems Corp., Tochigi, Japan). The 

coordinate system proposed by the Scoliosis Research Society was used 

(Yeung et al., 2003).
 
The positive x-axis, y-axis, and z-axis are directed toward 

the anterior, left lateral side and superior direction, respectively. For all cases, 

force analysis of rod at the convex side was neglected because the CT imaging 

could not significantly detect deformation of rod along that side. On the other 

hand, the rods at the concave side were significantly deformed after the 

surgical treatment of scoliosis. The changes of implant rod geometry at the 

concave side of each patient was obtained and used in this study.  

 

5.3.2   Force analysis procedure 

The procedure for calculating the corrective forces using Finite Element 

Analysis (FEA) is shown in Fig. 5.2. FEA was performed using ANSYS 11.0 

software (ANSYS, Inc., Pennsylvania, USA). The elasto-plastic finite element 

model of the implant rod before surgery was reconstructed using a 10 node 
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tetrahedral solid element. The forces were applied iteratively to the location of 

screws until the implant rod was deformed the same after surgery.  

The elasto-plastic material model was based from the implant 

manufacturer specifications. Material properties were elastic modulus (E), 

yield stress (σY), yield strain (εY) and hardening coefficient (H) equal to 105 

GPa, 900 MPa, 8.57×10
-3

 and 2.41 GPa, respectively.  

 

5.3.3   Degree of correction 

Cobb angle measurements were performed from frontal radiographs that were 

taken before and after surgery. The degree of correction Δθ was defined as the 

difference between the preoperative Cobb angle θ1 and postoperative Cobb 

angle θ2 (Table 5.1). The degree of correction was also expressed as correction  

rate computed as the ratio of the degree of correction over the preoperative 

Cobb angle Δθ/θ1. 

 

5.3.4   Screw density 

To investigate the effects of various screw configurations, the screw density 

was calculated as the number of pedicle screws used divided by the number of 

pedicle screws that could have been used within the implant rod length. This 

was expressed as percentage. Since the implant rod at convex side was not 

significantly deformed after the surgical treatment of scoliosis, the screw 

density at that side of the deformity was excluded. 

 

5.3.5   Pullout and push-in force 

The computed forces correspond also to the pullout and push-in forces acting 

at the vertebrae to correct the scoliosis deformity. The magnitudes of pullout 

and push-in forces were also computed from the computed forces. In this 

study, the pullout or push-in force was defined as the pulling or pushing force 

acting parallel to the endplate of the vertebra at the sagittal plane (Fig. 5.1(c)). 

This was computed using the reaction force vector (i.e. acting at the spine in 
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Figure 5.1 (a) Postoperative radiograph of operated scoliotic spine. (b) 

Corrective force acting at the screw of deformed rod. (c) Pullout force 

computed from the reaction force of corrective force. 

 

 

Figure 5.2 Procedure for corrective force analysis using FEA. 
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the opposite direction) of the computed corrective force that deformed the rod 

during scoliosis surgery. Since the rod curvature constitutes the spine 

curvature after the surgical treatment of scoliosis, it was used as the reference 

to define the direction of the pullout or push-in force. The rod geometry was 

fitted by quintic polynomial function described in the previous study of 

Salmingo et al. (2012b). The tangent angle (broken line) which is orthogonal 

to the axis of pullout or push-in force was computed by evaluating the first 

derivative of quintic polynomial function at the location of each screw. The 

reaction force was resolved into force component (Reaction force × Cosβ), i.e. 

equal to the magnitude of pullout or push-in force acting at the corresponding 

vertebra level. 

 

5.4    Results 

The magnitude of corrective forces obtained by FEA acting on each screw is 

listed in Table 5.2. The corrective force acting at the apical vertebra was also 

obtained. Along the apical vertebra, the corrective forces tended to increase. 

This indicates that the apical vertebra needs higher corrective forces. For cases 

where the screw was not placed in the apical vertebra, the closest force acting 

at the apex was used or whichever was higher in case that the closest force 

could not be determined, i.e. Patient 6. This supports the fact that vertebrae 

near the apex needed higher corrective force. The maximum forces were 

located at the extreme fixation levels mainly at the lumbar side. The absolute 

number of screws, screw density and magnitude of corrective forces were 

summarized in Table 5.3. 

 

5.4.1   Degree of correction 

Table 5.1 shows the correction rate of each scoliosis patient. The correction 

rate mean was 69% (SD 11%). The results show that Patients 6 and 5 gained 

the lowest and highest correction rates, respectively. The increase in absolute 

number of screws did not significantly correlate with the degree of correction  
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Table 5.1 Clinical data of scoliosis patients. 

Patient 1 2 3 4 5 6 

Preoperative Cobb angle, θ1 

(deg.) 
76 75 57 68 83 59 

Postoperative Cobb angle, θ2 

(deg.) 
27 26 13 18 14 28 

Degree of correction, Δθ = 

θ1 θ2 (deg.) 
48 49 44 50 69 31 

Correction rate, Δθ/θ1  

(%) 
64 65 77 73 83 53 

 

 

Table 5.2 Magnitude of corrective forces acting at each vertebra level. 

Vertebra 

Level 

Patient 

1 2 3 4 5 6 

T2 49 270     

T3 33 58     

T4 33 74     

T5 31 115 182    

T6 36 139 43 375 263 59 

T7   66 260 34 55 

T8     82  

T9 *93 *   96 * 

T10 39 151 *106 * *99  

T11 63 89 84 301 85 177 

T12 56 399 65 149 63 198 

L1 28  35 439 39  

L2 29  248  253  

L3 192      
        

       *Apical vertebra                                    Units in Newton 



 
Chapter 5 Relationship of Forces and Scoliosis Correction 

67 

 

(r = 0.48, p > 0.05) (Fig. 5.3). On the other hand, the screw density correlated 

well with degree of correction (r = 0.81, p < 0.025) (Fig. 5.4). Figure 5.5 

shows the relationship between the average force and degree of correction. A 

significant correlation could not be found between the average force (r = 0.03, 

p > 0.05) and the degree of correction. In total, the magnitude of forces did not 

correlate well with the degree of correction. 

 

5.4.2   Effect of increase in number of screws 

The relationships between the absolute number of screws and magnitude of 

forces are shown in Fig. 5.6. A decreasing trend was found between the 

number of screws and average force, however, the correlation was not 

significant (r = 0.63 and, p > 0.05) (Fig. 5.6(top)). Conversely, there was a 

significant negative correlation between the force acting at/near the apical 

vertebra (r = 0.73, p < 0.05) with number of screws (Fig. 5.6(bottom)).  

 

5.4.3   Effect of screw density 

The screw density at the concave side of each patient was obtained. The 

summation of forces and maximum force did not correlate well with 

increasing screw density (r = 0.04 and r = 0.28, p > 0.05 respectively) (Figs. 

5.7(top) and 5.7(bottom)). Likewise, a trend could not be established for both 

relationships. It was also noticed that for some patients the summation of 

forces and maximum forces are relatively lower than patient who had 100% 

screw density. Thus, having higher implant density is not guaranteed as the 

safest surgical strategy if we consider the magnitude of forces.  

 

5.4.4   Magnitude of pullout and push-in force 

The pullout or push-in forces acting at the vertebrae of scoliosis patients were 

computed (Fig. 5.8). The results show that almost all patients had push-in 

force at the most inferior and superior level, whereas the apical region had 
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Figure 5.3 Relationship between the number of screws and degree of 

correction. 
 

 

 

Table 5.3 Summary of number of screws, screw density and magnitude of 

forces of each patient. 

Patient 1 2 3 4 5 6 

Number of screws, n 12 8 8 5 9 4 

Screw density (%) 86 73 80 63 100 57 

Summation of forces, ΣF (N) 682 1295 829 1524 1014 489 

Average force, ΣF/n (N) 57 162 104 305 113 122 

Maximum force, Fmax (N) 192 399 248 439 263 198 

Force at/near apex (N) 93 151 106 301 99 177 
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pullout forces. Furthermore, the values of pullout forces indicate that the 

magnitude is increasing at the apical region suggesting that significant forces 

are required in this region to correct the spinal deformity. 

 

5.5   Discussion 

Patient-specific finite element models aided the approximation of possible 

clinical outcomes of different surgical strategies through preoperative planning. 

However, these studies lack detailed modeling of implant rod because the 

initial rod geometry was not measured before surgery. Until now, relationships 

of various parameters such as the magnitude of corrective forces, number of 

implants used, degree of correction and implant placement configuration are 

not yet well understood. It well understood that too high corrective forces can 

cause implant breakage or bone fracture which may also lead to pullout of 

screws from the vertebra (Mehta et al., 2012; Paxinos et al., 2010). Thus, 

analysis of corrective forces acting on deformed rod is important to understand 

the biomechanics of scoliosis correction. 

In this study, the degree of scoliosis correction did not depend on the 

absolute number of screws. Implant placement configuration such as screw 

density contributed to higher degree of correction. This suggests that vertebrae 

can be easily manipulated if more implants are attached nearer to each other. 

Apparently, Patient 6 (having lowest screw density) and Patient 5 (having the 

highest screw density) gained the lowest and highest correction rate, 

respectively. The findings in this study are in agreement with the previous 

study of Clements et al. (2009), although implant and screw density was 

defined differently. We defined screw density as the percentage of number of 

pedicle screws used divided by the number of pedicle screws that could have 

been used within the implant rod length, whereas they defined implant density 

as the ratio of implants used over the number of available implants sites within 

the measured Cobb angle. This is because we believe that the implants sites 

within the implant rod length have significant role in deformity correction than  
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Figure 5.4 Relationship between the screw density and degree of correction. 

 

 

 

Figure 5.5 Relationship between the degree of correction and average force. 
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Figure 5.6 Relationships between the number of screws and magnitude of 

forces. Number of screws vs. average force (top). Number of screws vs. force 

at/near apical vertebra (bottom). 
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Figure 5.7 Relationships between the screw density and magnitude of forces. 

Screw density and summation of forces (top). Screw density and maximum 

force (bottom). 
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Units in Newton 

Figure 5.8 Pullout and push-in forces acting at the vertebra of each patient. 
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the implants sites beyond the implant rod length. Screw density at the convex 

side was not also included because the implant rod was not deformed after 

surgery. The rod at the convex side might have limited role in derotation 

maneuver but provides additional strength after it has been fixed by the screws. 

The magnitude of forces did not correlate well with the degree of 

correction. The results suggest that scoliosis correction mechanism is not only 

dependent to the corrective forces. Some parameters such as flexibility or 

stiffness of the scoliotic spine need to be considered. Intuitively, patients 

having stiffer scoliotic spines need higher corrective forces than patients who 

have more flexible scoliotic spines. The current magnitude of forces must have 

been affected by patient’s flexibility or stiffness. Spine’s flexibility or stiffness 

is one of the major factors that influence the outcome of the clinical operation. 

Little et al. (2012) showed that flexibility is a primary factor which governs 

the degree of deformity correction and there is still much to be understood 

about the complex relationships that determine the individual patient's 

flexibility. 

Although not statistically significant, a decreasing trend was found 

between the magnitude of forces and number of screws. The magnitude of 

corrective forces tended to be more distributed with increasing absolute 

number of screws. Conversely, increase in number of screws increases the 

surgical time that could also result to increase in blood loss and morbidity 

(Rose et al., 2009). Nevertheless, the previous relationship showed that the 

increase in number of screw did not result to higher curve correction. 

The maximum and summation of forces indicate that having 100% 

screw density does not result to optimal clinical outcome. It was observed that 

some patients have much lower values of maximum and summation of forces 

than the patient who had 100% screw density. Further studies involving 

various screw placement configurations including the distribution of 

instrumented and non-instrumented levels could decrease the magnitude of 

forces while achieving similar outcome of curve correction.  
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6.1   Abstract 

A retrospective analysis was conducted to quantitatively measure the changes 

of implant rod angle of curvature during surgery and establish its influence on 

the sagittal correction of scoliosis deformity. No previous study had 

investigated the influence of the changes of implant rod angle of curvature on 

the sagittal deformity correction during scoliosis surgery. Twenty adolescent 

idiopathic scoliosis patients underwent surgical operation. Two implant rods 

were attached to the concave and convex side of the deformity. The implant 

rod geometry before the surgical implantation was measured during scoliosis 

treatment. The postoperative implant rod geometry after surgery was measured 

by CT scan. The implant rod angle of curvature was determined from the 

implant rod geometry at the sagittal plane. The spine sagittal curvature of 

healthy adolescents obtained by previous studies was used to assess the 

sagittal deformity correction. The difference between the postoperative 

implant rod angle of curvature and normal spine sagittal curvature of the 

corresponding instrumented level was used to evaluate over or under 

correction of the sagittal deformity. As a result, the implant rods at the 

concave side of deformity of all patients were significantly deformed after 

surgery. A significant relationship was found between the degree of rod 

deformation and the rod angle of curvature before surgical implantation. The 

results indicate that the postoperative sagittal outcome could be predicted from 

the initial rod shape. The changes in the implant rod angle of curvature may 

lead to the over or under correction of the sagittal curve. The rod deformation 

at the concave side suggests that the corrective forces acting on that side are 

higher than the convex side. 
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6.2    Introduction 

Scoliosis deformity is usually evaluated using the Cobb angle. However, 

scoliosis is a complex deformity that needs to be assessed in three-dimensions. 

Several authors had proposed mathematical expressions in order to evaluate 

the morphology of scoliotic spines in three dimensions as well as the rotation 

of vertebrae (Kanayama et al., 1996; Tadano et al., 1996; Stokes et al., 1987). 

The correction of scoliosis deformity in frontal, sagittal and axial planes has 

been widely studied since then (Delorme et al., 2000; Smith, 2001; De Jonge 

et al., 2002; Rhee et al., 2002; Lee et al., 2004; Storer et al., 2005; Vialle et al., 

2005;  Kim et al., 2006; Lowenstein et al., 2007; Cheng et al., 2008). 

The evaluation of the sagittal plane deformity correction involves a 

complex analysis of the spine segments as contrary to the Cobb angle 

measured at the frontal plane. The spine normally has thoracic kyphosis and 

lumbar lordosis curves in the thoracolumbar region. Neglecting to correct 

these curves could produce pain, intervertebral disc degeneration, bone-

implant fracture, flat back and joint degeneration (Knott et al., 2010; Vrtovec 

et al., 2012). Lowenstein et al. (2007) proposed a method to measure the 

sagittal correction using the thoracic sagittal kyphosis from the superior 

endplate of T4 to the inferior endplate of T12 and lumbar lordosis measured 

from L1 to L5. Furthermore, a more complex evaluation involves the 

determination of sagittal balance. Although several papers discussed the 

various indicators for the measurement of sagittal balance, the Scoliosis 

Research Society (SRS) defined that the normal sagittal alignment is achieved 

when the plumb line drawn from the center of the cervical vertebra C7 lies 

within ±2 cm of the sacral promontory (Legaye et al., 1998; Berthonnaud et al., 

2005a, 2005b; Boulay et al., 2006; Ondra and Marzouk, 2007; Roussouly and 

Nnadi, 2010). These methods have advanced the understanding of the sagittal 

plane correction. However, the fundamental limitation of visualizing and using 

the key anatomical landmarks still exists. Some studies reported inter and intra 

observer differences during measurements of sagittal spine curvatures (Labelle 

et al., 1995; Berthonnaud et al., 2005b, Dimar et al., 2008). These differences 

are due to the anatomical variants that are inherent to the spine morphology 
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which alter its normal symmetry from side-to-side (Liljenqvist et al., 2002; 

Rajwani et al., 2004). Asymmetry is primarily demonstrated by vertebral 

wedging in adolescent idiopathic scoliosis. Thus, failure to visualize the 

anatomical variants could lead to measurement errors. On the other hand, the 

postoperative lateral radiographs from previous studies show that the implant 

rod shape or curvature constitutes also the postoperative sagittal curve of the 

spine within the implant rod length, similar to Fig. 6.1(a) (Benli et al., 2007; 

Lowenstein et al., 2007; Clement et al., 2008; Asher et al., 2010; Ito et al., 

2010; Patel et al., 2010; Hwang et al., 2012). These indicate that the implant 

rod curvature could be also used for the evaluation of sagittal curve correction. 

This also shows the use of implant rod to correct the deformity because the 

spine has to follow the rod shape during and after scoliosis surgery. 

 Due to the variability of surgeons’ preferences and different correction 

objectives, optimal surgical treatment of scoliosis is not always attained 

(Desroches et al., 2007; Majdouline et al., 2009). Indeed, until now, there is no 

consensus yet on what possible initial shape of rod could lead to a certain 

sagittal outcome. Biomechanical models of the spine and instrumentation were 

developed to simulate various correction objectives, surgical steps and 

strategies (Aubin et al., 2003, 2008; Lafon et al., 2009). Some suitable surgical 

strategies for scoliosis patients were determined. However, the results might 

be unrealistic because rod deformation was not considered in their analyses 

(i.e. rigid body model). They estimated the preoperative implant rod geometry 

from postoperative data. The reported magnitude of forces (in several hundred 

or even thousand Newton) were apparently high that should have deformed 

the implant rod during the surgical treatment (Salmingo et al., 2013). Careful 

investigation on the changes of implant rod geometry is important because 

implant rod deformation could alter the sagittal alignment and consequently 

the clinical outcome.  

The objective of this study was to measure the changes of implant rod 

angle of curvature before surgical implantation and after surgery, preoperative 

and postoperative, respectively. The difference between the preoperative and 

postoperative implant rod angle of curvature was used to evaluate the degree 



 
Chapter 6 Rod Curvature Influence on Scoliosis Correction 

79 

 

of rod deformation. In order to establish whether it is possible to predict the 

clinical outcome from the intial rod shape, the relationship between the degree 

of rod deformation and preoperative implant rod angle of curvature was 

determined. The over or under correction of the sagittal curve was also 

evaluated using the postoperative implant rod angle of curvature. 

 

6.3    Methods 

6.3.1   Scoliosis surgical procedure 

Upon approval of the university hospital research ethics committee on the use 

of human subjects, twenty (20) scoliosis patients (average age: 14 years, 

range: 10-20 years) diagnosed as severe Adolescent Idiopathic Scoliosis (AIS) 

were enrolled in this study and underwent surgical operation. A proper 

informed consent was thoroughly explained and obtained from all patients. Six 

mm diameter (Ø6 mm) titanium implant rods and polyaxial pedicle screws 

(USS II Polyaxial, Synthes GmbH, Switzerland) were implanted to correct the 

scoliosis deformity. The implant rod curvature and length were decided by the 

spine surgeons depending on the severity and type of each case. All implant 

rods were pre-bent only at a single plane. Implant rods and screws were 

surgically implanted following the double rod rotation technique procedure 

(Ito et al., 2010). In this technique, two implant rods used for the concave and 

convex side of the deformity were inserted into the polyaxial screw heads (Fig 

6.1(a)). To allow the rods to rotate and translate freely inside the screw head, 

the polyaxial screw heads remained untightened until the completion of rod 

rotation procedure. The correction maneuver started when a torque was 

applied to the rod rotating device to simultaneously rotate the rods (about 90 

degrees). This action transfers the previous curvature of rod at the coronal 

plane to the sagittal plane thereby creating a curve on the sides. Additional in-

situ bending or other reduction maneuvers were not done in all the cases 

involved in this study. The amount of rod contouring was based on the amount 

of the desired kyphosis in the thoracic spine.   
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6.3.2   Implant rod angle of curvature 

The implant rod angle of curvature at the corresponding extreme ends was 

measured using the preoperative and postoperative geometry of implant rod 

during the surgical operation to evaluate implant rod deformation in Fig. 

6.1(b). The preoperative geometry of implant rod was measured from the 

actual implant rod used before surgical implantation by a conventional scanner.  

 The postoperative implant rod geometry was obtained within a week 

after the surgical operation using CT scanner (Aquilion 64 CT Scan, Toshiba 

Medical Systems Corporation, Japan). The slice thickness was set at 0.5 mm. 

The implant rod geometry was fitted by least square method using quintic 

polynomial functions having a minimum R
2 

value of 0.99 (Salmingo et al., 

2012b). Arbitrary points (7 points minimum) were selected for curve fitting. 

These points were obtained from the inferior to superior endpoint along the 

central axis of the implant rod. Medical image analysis was performed using 

computer software (MATLAB R2010b, Massachusetts, USA). The implant 

rod angle of curvature defined as the angle between the two tangent vectors 

was computed using the first derivative of the quintic polynomial function 

evaluated at the implant rod ends (Kanayama et al., 1996; Tadano et al., 1996).  

There were three trials for each measurement. The average of the three 

trials was obtained as the preoperative and postoperative implant rod angle of 

curvature, θ1 or θ2 of each patient, respectively (Table 6.1). Since the implant 

rod curvature constitutes also the sagittal curve of the spine after surgery, the 

postoperative implant rod angle of curvature θ2 was used to evaluate the 

sagittal curve correction of each scoliosis patient. The degree of rod 

deformation ∆θ was defined as the difference between the preoperative and 

postoperative implant rod angle of curvature (θ1 – θ2). The relationship 

between the degree of rod deformation ∆θ and preoperative implant rod angle 

of curvature θ1 was sought to determine whether it is possible to predict the 

postoperative clinical outcome from the initial implant rod shape. 
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Figure 6.1 (a) Frontal and sagittal radiographs of the spine after surgery. (b) 

Preoperative and postoperative implant rod angle of curvature. 
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Table 6.1 Implant rod angle of curvature at the concave and convex side of 

deformity of each patient.  

 

Patient 
Concave side (deg.) 

 
Convex side (deg.) 

θ1 θ2 Δθ 
 

θ1 θ2 Δθ 

1 44.6 25.1 19.5 
 

35.2 33.4 1.9 

2 38.1 30.6 7.6 
 

20.3 23.3 -3.0 

3 43.4 19.7 23.7 
 

34.7 27.3 7.4 

4 18.5 10.6 8.0 
 

20.6 16.3 4.3 

5 19.1 5.0 14.1 
 

19.7 24.6 -4.9 

6 28.3 13.6 14.7 
 

26.3 23.5 2.7 

7 46.5 9.7 36.8 
 

26.2 23.4 2.9 

8 56.6 35.3 21.3 
 

34.4 34.8 -0.4 

9 18.0 6.1 11.9 
 

11.7 7.0 4.7 

10 37.0 18.3 18.7 
 

25.3 26.6 -1.3 

11 15.8 3.3 12.5 
 

15.8 19.8 -4.0 

12 28.8 13.6 15.3 
 

20.1 14.2 5.9 

13 18.1 5.7 12.4 
 

12.8 14.5 -1.7 

14 45.6 36.8 8.8 
 

29.6 28.4 1.2 

15 22.3 19.3 3.0 
 

22.1 18.0 4.1 

16 25.9 12.5 13.4 
 

20.5 15.5 5.0 

17 42.9 18.1 24.9 
 

36.5 27.1 9.4 

18 48.6 29.0 19.6 
 

38.5 33.0 5.5 

19 33.2 20.2 13.0 
 

24.2 28.1 -3.9 

20 41.3 23.4 17.9 
 

34.7 39.5 -4.8 
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6.3.3   Normal spine sagittal curvature 

The average thoracolumbar spine sagittal angle of curvature of healthy 

adolescents obtained by previous study was used to evaluate the sagittal 

correction (Mac-Thiong et al., 2007). The corresponding sagittal angle of 

curvature of each vertebra level was also determined since the instrumented or 

fixation level of each patient differs from each other. The angle of sagittal 

curvature of each vertebra level was approximated by the ratio of each height 

of vertebra (Kunkel et al., 2011). The normal spine sagittal angle of curvature 

between the corresponding fixation level θFL (FL = most superior and inferior 

fixation level) of each patient is listed in Table 6.2. Since the extreme fixation 

levels were the same for both sides of all scoliosis patients, the normal spine 

sagittal angle of curvature of each patient was the same for the concave and 

convex side. 

Desirable correction of scoliosis deformity is achieved when the 

deformed spine is brought back to its original shape and fixed using implant 

rods and screws. Scoliosis correction is preferably attained when the 

postoperative implant rod angle of curvature θ2 equals to the sagittal angle of 

curvature θFL of healthy adolescents at the corresponding fixation level. Thus, 

over or under correction of the sagittal curve could be determined using the 

difference. In this study, over correction was defined when the postoperative 

implant rod angle of curvature θ2 is greater than the sagittal angle of curvature 

θFL; value of the difference is positive.  

 

6.4   Results 

Figure 6.2 shows the preoperative θ1 and postoperative θ2 implant rod angle of 

curvatures at the concave and convex sides of the deformity (Table 6.1, Fig. 

6.2). The concave side was significantly deformed and the curvature tended to 

straighten after the surgical treatment of scoliosis. On the other hand, the rod 

at the convex side did not have significant deformation after the surgical 

treatment of scoliosis. The average preoperative and postoperative implant rod 
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Table 6.2 Normal spine sagittal curvature at the corresponding fixation level 

obtained from previous studies (Mac-Thiong et al., 2007; Kunkel et al., 2011). 

 

Patient 
Fixation level 

(FL) 

Spine sagittal curve  

θFL (deg.) 

1 T5-L2 12.3 

2 T6-T12 27.7 

3 T6-L1 18.4 

4 T2-L3 12.5 

5 T2-L3 12.5 

6 T6-L2 8.9 

7 T5-L1 21.8 

8 T2-T12 41.1 

9 T5-L3 2.6 

10 T5-L1 21.8 

11 T4-L3 6.0 

12 T6-L2 8.9 

13 T3-L3 9.4 

14 T5-T12 31.1 

15 T2-T11 36.6 

16 T5-L2 12.3 

17 T6-T12 27.7 

18 T4-L1 25.3 

19 T4-T12 34.5 

20 T2-T11 36.6 
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angle of curvature at the concave and convex side of all patients is shown in 

Fig. 6.3. The average preoperative and postoperative implant rod angle of 

curvature at the concave side were 33.6 degrees (range 15.8 - 56.6 degrees) 

and 17.8 degrees (range 3.3 - 36.8 degrees), respectively. The average 

preoperative and postoperative implant rod angle of curvature at the convex 

side were 25.5 degrees (range 11.7 - 38.5 degrees) and 23.9 degrees (range 7.0 

- 39.5 degrees), respectively. 

A significant positive correlation was found between the degree of rod 

deformation ∆θ and preoperative implant rod angle of curvature θ1 at the 

concave side (r = 0.60, p < 0.005) in Fig. 6.4. This means that the greater the 

implant rod was bent, the higher degree of rod deformation could be obtained. 

There was no significant correlation on the implant rods at the convex side (r = 

0.26, p > 0.05). However, the deformation behavior of the implant rods at the 

convex side is still predictable because it did not have significant deformation 

during scoliosis surgery. The results indicate that the postoperative implant 

rod curvature consequently the sagittal outcome could be predicted from the 

initial implant rod shape. 

 Desirable sagittal correction of scoliosis deformity is attained when the 

postoperative rod angle of curvature θ2 equals to the sagittal curvature θFL at 

the corresponding fixation level. The difference between these parameters 

indicates over or under correction of the sagittal curvature. Figure 6.5 shows 

the difference between the postoperative rod angle of curvature θ2 at the 

concave and convex side of deformity and sagittal curvature θFL of the 

corresponding fixation level (θ2 – θFL). The positive region shows over 

correction and the negative region shows under correction. The results show 

that eight out of twenty patients (40%) had 5 degrees or lesser difference (i.e. 

Patients 2, 4, 9, 10, 12, 13, 14, 16). Seven patients (35%) had 10 degrees or 

lesser difference (i.e. Patient 3, 5, 6, 8, 11, 17, 18).  Five patients had more 

than 10 degrees curvature difference (i.e. Patient 1, 7, 15, 19, 20). 
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Figure 6.2 Preoperative and postoperative implant rod angle of curvature at 

the concave and convex side of deformity. 
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Figure 6.3 Average implant rod angle of curvature measured preoperatively 

and postoperatively. 

 

 

 

Figure 6.4 Relationship between the preoperative implant rod angle of 

curvature and degree of rod deformation at the concave side. 
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6.5   Discussion 

Preservation of sagittal balance or alignment of the spine has been well studied. 

However, these studies were mainly focused on the postoperative results or the 

clinical outcome already. The primary factors (such as the initial rod shape) 

which are influencing the postoperative or sagittal outcome are not yet well 

studied. In fact, even until now, there is no consensus or scientific basis on 

what possible initial shape of rod could result into a certain sagittal outcome. 

Decision-making on the parameters to be used during surgery is always based 

on individual surgeons’ preferences and experience (Desroches et al., 2007; 

Aubin et al., 2008; Majdouline et al., 2009). We have found a positive trend  

between the degree of rod deformation ∆θ and preoperative implant rod angle 

of curvature θ1 at the concave side. The significant relationship found in this 

study (r = 0.60, p < 0.005) suggests that estimation of the postoperative 

outcome from the preoperative implant rod shape is possible. A study 

involving more patients to find the optimal implant rod shape for certain 

scoliosis patients shall be done in the future. Until now, difficulties in 

visualizing the key anatomical landmarks from planar radiographs are still 

being reported. Intra and inter-observer studies were performed to determine 

the accuracy and reliability of computer methods. The advent of the digital 

radiographs enables the adjustment of image contrast and brightness. In effect, 

the anatomical landmarks can be highlighted which were not possible in 

conventional radiographs. Previous studies were successful in increasing the 

accuracy and reliability of sagittal profile measurement using computer-

assisted programs (Berthonnaud et al., 2005b; Dimar et al., 2008). However, 

these methods still need many anatomical landmarks (i.e. requiring additional 

information input or computational time) which might be obscured in 

radiographs (Anderst et al., 2008). The dual-camera system is relatively 

simple because it does not require any anatomical feature which might be 

obscured in digital radiographs. Furthermore, it is well understood that 

scoliosis has an inherent morphological asymmetry (such as vertebral wedging 

and rotation) making it more difficult to visualize the anatomical features in 

the sagittal plane using just two-dimensional radiographs.  
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Figure 6.5 Difference between the postoperative implant rod angle of 

curvature θ2 and physiological sagittal curvature θFL at the corresponding 

fixation level. 
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The degree of rod deformation indicates the magnitude of corrective 

forces acting on the rod in vivo. Thus, the results imply that the spine at the 

concave side was experiencing higher corrective forces than the convex side. 

This could be explained by the axial rotation and displacement of vertebra 

during the morphological growth of AIS. Many authors have investigated the 

cause of axial rotation of vertebrae (White and Panjabi, 1990; Stokes, 1989; 

Tadano et al., 1996). They have found out that the lateral deviation of the 

spine shifts the center of axial rotation of vertebra. This shift produces 

eccentric gravitational loads and moments causing the spinous process to 

rotate towards the concave side of the scoliosis deformity. As a consequence, 

the concave side of the deformity always tends to displace anteriorly while 

posteriorly at the convex side. Hence, the translational and rotational 

displacement required for the correction of the concave side is always higher 

than the convex side that could result also to higher corrective forces on that 

side. The kinematics during simultaneous rotation of rods might have also 

influenced the deformation behavior of rod. From a mechanical point of view, 

if torsion occurs on a certain body, the moment/force at the center of rotation 

is always zero or minimum. It could be hypothesized that the center of rotation 

of vertebra during simultaneous rotation of rods might be located somewhere 

around the convex side because the corrective forces acting on that side were 

negligible as indicated by the degree of rod deformation, theory shown in Fig. 

6.6. A future study is required to validate this hypothesis through 

intraoperative measurement of three-dimensional spinal motion segments 

during scoliosis surgery. 

 It is well understood that the interpersonal differences such as height, 

weight, age, sex and etc. greatly affect the sagittal curvature of scoliosis or 

even normal subjects. The average physiological sagittal curvature of healthy 

adolescents obtained by previous studies was used to evaluate the sagittal 

correction (i.e. whether it was over and under corrected). Thus, it is imperative 

that a more detailed analysis considering the interpersonal differences will 

further improve the scoliosis correction assessment using the implant rod 

curvature. 
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 This study presents the deformation behavior of titanium implant rods 

during correction of scoliosis deformities. Some stiffer spinal rod materials 

such as stainless steel and Cobalt-Chrome rods (stiffest of the three) may 

exhibit lesser implant rod deformation and deliver higher corrective forces 

than the titanium rods. The stiffer implant rods may provide also greater 

degree of deformity correction during scoliosis surgery. However, stiffer rods 

could inhibit bone formation and remodeling because they take too much of 

the applied loads instead of the spine (Gummerson and Millner, 2010). 

Likewise, from a mechanical point of view, stiffer rods induce higher 

corrective force which might be too high and could lead to the pullout of 

screw from the vertebra. Conversely, we have demonstrated in this study that 

the degree of deformity correction at the sagittal plane could be also attained 

or predicted as a function of the preoperative implant rod curvature not only 

the implant rod stiffness. A recent study has also reported that the magnitude 

of corrective forces acting on the deformed titanium rods during scoliosis 

surgery was within the safe level of pullout forces (i.e. 439 N max) (Salmingo 

et al., 2013) 

 In this study, we investigated whether we can estimate the 

postoperative implant rod angle of curvature from the initial implant rod shape. 

This was attained by measurement of the changes of implant rod geometry 

before implantation and after surgery (taken by postoperative CT). The 

postoperative CT was used because the two implant rods (i.e. rod at the 

concave and convex side) overlap each other at the sagittal plane, as shown in 

Fig. 6.1(a). Thus, we could not obtain the geometry of each implant rod using 

just planar sagittal radiograph. Conversely, CT scan can perform image 

segmentation and obtain the geometry of each rod at both sides 

postoperatively (Fig. 6.1(b)). In order to prevent the effects of variation of the 

surgical technique, the same surgeons performed the same surgical technique 

in all cases. 
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Figure 6.6 Rotation of the vertebra due to scoliosis deformity. 
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7.1   Abstract 

Treatment for severe scoliosis is usually attained when the scoliotic spine is 

deformed and fixed by corrective rods. However, until now, there is no 

consensus yet on what implant rod shape could lead into an optimal correction 

outcome. Investigation of the intraoperative changes of implant rods shape in 

three-dimensions is necessary to understand the biomechanics of scoliosis 

correction. The objective of this study was to measure the intraoperative three-

dimensional geometry and deformation of implant rod during scoliosis 

corrective surgery. Two implant rods for the concave and convex side were 

used to correct the spinal deformity. A pair of images was obtained 

intraoperatively by the dual-camera system during the surgical operation, i.e. 

before rotation and after rotation of rod during surgery. The three-dimensional 

implant rod geometry before implantation was measured directly by the 

surgeon and after surgery using a Computed Tomography scanner. The images 

of rods were reconstructed in three-dimensions using quintic polynomial 

functions. The implant rod deformation was evaluated using the angle between 

the two three-dimensional tangent vectors measured at the ends of the implant 

rod. The intraoperative and postoperative corrective forces were also 

calculated using our previous method. As a result, the deformation of implant 

rod at the concave side was measured intraoperatively and postoperatively. 

The maximum rod deformation was found after the rotation of rods. The 

results indicate that there is a reduction in the corrective forces after scoliosis 

surgery. 
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7.2   Introduction 

Treatment for severe AIS often requires surgical intervention. Surgical 

treatment is accomplished when the scoliotic spine is deformed into the 

desired shape by corrective rods and screws attached to the vertebrae. The 

introduction of malleable rods and pedicle screws resulted to a more 

sophisticated system that addressed the scoliosis correction in three-

dimensions, however, decision-making has become more complex. The 

current correction systems require surgeons to plan extensively the amount of 

rod curvature, length of rod and fixation level of screws to achieve a desirable 

clinical outcome. Aubin et al. (2007) and Robitaille et al. (2007) reported a 

large variability of preoperative instrumentation strategies within a group of 

experienced spine surgeons. Until now, the biomechanics of scoliosis 

correction is not yet fully understood. There is still a lack of consensus as 

reflected by the differences of surgical strategies specifically on what implant 

rod shape, rod length, number of screws and fixation levels should be used to 

achieve an optimal clinical outcome. 

In an attempt to gain better understanding of the biomechanics of 

scoliosis correction, the effects of instrumentation systems and strategies 

during scoliosis surgery were investigated. Intraoperative tracking of trunk 

movement during scoliosis surgery using electromagnetic system and infrared 

cameras combined with markers that are mounted to the trunk were reported 

by Mac-Thiong et al. (2000) and Duong et al. (2009), respectively. They 

monitored the intraoperative motion of the trunk induced by the surgical 

maneuver during scoliosis surgical correction by posterior instrumentation. 

Intraoperative tracking of the trunk motion using these methods contributed to 

a better understanding of the effects of instrumentation systems by studying 

the movement or deformation correction of the trunk geometry. However, 

these methods require placement of markers to the trunk leading to increase in 

time of the surgical procedure. Vertebral motion measurements were also 

performed using a custom-made spinal instrument with markers attached 

directly to the vertebra of the spine. The custom-made instrument is drilled 

and fixed into the vertebral bone during scoliosis surgery (Delorme et al., 
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1999; Holly, 2006; Smith et al., 2008). These methods helped the surgeons to 

understand how effective the various instrumentation systems in correcting the 

deformity in three-dimensions by evaluating the movements of vertebrae 

during the correction maneuver. Drilling of vertebral bone, however, became 

necessary to insert and fix the custom-made instrument in assessing the 

vertebral motion segments. These systems are complicated which could 

increase the surgical time and pose surgical operation risks due to additional 

drilling of bone. A simpler method that could assess the scoliosis correction 

intraoperatively without significantly affecting or interfering the operation is 

essential to understand the biomechanical effects of instrumentation systems 

such as implant rods on scoliosis deformity correction.  

Evaluation of scoliosis correction in three-dimensions requires an 

assessment of both frontal and sagittal planes. Assessment of the frontal plane 

correction can be perceived easily since this plane is visible during scoliosis 

surgery (i.e. during posterior approach). Conversely, sagittal plane assessment 

is difficult because this cannot be seen during the operation and requires 

imaging tools and methods. The radiographs of many studies indicate that the 

implant rod curvature constitutes the spine shape (Benli et al., 2007; 

Lowenstein et al., 2007; Clement et al., 2008; Ito et al., 2010; Patel et al., 

2010; Quan and Gibson, 2010; Hwang et al., 2012). This entails that the 

implant rod geometry can be used also to assess the scoliosis sagittal 

correction intraoperatively.  

The main objective of this study was to measure the intraoperative 

three-dimensional geometry and deformation of implant rod during scoliosis 

corrective surgery. Two implant rods for the concave and convex side were 

used to correct the spinal deformity. A pair of images was obtained 

intraoperatively by two cameras during the two phases of surgery, i.e. before 

rotation of rods or when the rods were just inserted into the screw heads, and 

after rotation of rod (about 90 deg.) when the screws were fully tightened. The 

implant rod geometries before implantation and after surgery were also 

measured to compare the changes during the intraoperative phase. The implant 

rod angle of curvature between the implant rod ends was computed from the 
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implant rod geometry to quantitatively investigate the deformation of rod. The 

implant rod angle of curvature was used to assess the scoliosis correction 

within the implant rod length at the sagittal plane. The intraoperative and 

postoperative corrective forces acting on rods were also computed. 

Understanding the rod deformation behavior from the changes of implant rod 

geometry during the surgical treatment could strengthen our understanding on 

the biomechanics of scoliosis correction. 

 

7.3   Methods  

Upon approval of the university hospital research ethics committee on human 

subjects, three severe Adolescent Idiopathic Scoliosis (AIS) patients 

underwent surgical correction. Informed consent was thoroughly explained 

and obtained from each patient. The titanium implant rods of six mm in 

diameter (Ø6 mm) and polyaxial pedicle screws (USS II Polyaxial, Synthes 

GmbH, Switzerland) were implanted to the concave side (left rod) and convex 

side (right rod) of the scoliosis deformity (Fig. 7.1(left)). The implant rod 

shape and length vary with each patient and were decided by the attending 

surgeon (Fig. 7.1(right)). The implant rods were pre-bent at a single plane.  

The screws and rods were surgically implanted following the 

simultaneous double-rod derotation technique. The procedure is briefly 

discussed here and the full details of the surgical technique are described in 

the previous paper of Ito et al. (2010). Two rods for the concave and convex 

side of the deformity were inserted into the polyaxial screw heads. The 

polyaxial screws were not yet fully tightened, i.e. to allow the rod to rotate and 

move freely inside the screw head until the completion of the rotation 

maneuver. The rods were simultaneously rotated (about 90 degrees) thereby 

transferring the previous curvature of the implant rod from the coronal plane 

to the sagittal plane. 
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Figure 7.1 Scoliotic spine before surgery and after surgery when fixed by rods 

at the concave and convex side of the deformity (middle). Implant rod 

geometry obtained by CT scan and the reference three-dimensional coordinate 

axes. 
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7.3.1   Implant rod three-dimensional geometry measurement 

The numerical method proposed by Salmingo et al. (2012b) to reconstruct the 

intraoperative three-dimensional geometry of implant rod utilizing two 

cameras was used. The images were acquired at the two intraoperative phases 

of scoliosis surgery, i.e. before rotation of rods or when the rods were just 

inserted into the screw heads, and after the rotation of rod (about 90 deg.) 

when the screws were fully tightened.  

The image processing algorithm was programmed using computer 

software (MATLAB R2010b, Massachusetts, USA). The bases of the two 

cameras were set coplanar. The optical axes were obliquely positioned to each 

other at an included angle. The included angle (41-42 deg.) was adjusted 

intraoperatively to attain better image coverage. The intraoperative pairs of 

images at different views were obtained by the dual camera system, i.e. before 

rotation of rods (just inserted into the screw heads) and after rotation of rods as 

shown in Fig. 7.2. The rod at the left side of each image was the spinal rod at 

the concave side of the deformity. The rod at the right side of each image was 

the implant rod at the convex side of the deformity.  Points points) of no.( n

measured in pixels, i.e. crosses, were selected from the most inferior to the 

most superior endpoint along the central axes of the implant rods as

),( 11 nn vu   and ),( '

1

'

1 nn hw 
, for left and right images, respectively. Since  -

axis and  -axis are parallel because the bases of the both cameras are coplanar 

to each other, the height of nv  should be equal to '

nh . However, this does not 

perfectly result into this relation because of the differences in the intrinsic 

parameters of each camera (e.g. camera focus, positioning error). A scaling 

factor '/ nns hvf   was introduced to transform the location of points in the 

right image as  

'

nsnn hfvh                  (7.1a) 

'

nsn wfw 
                

(7.1b) 
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Figure 7.2 Intraoperative images obtained by the dual-camera system during 

scoliosis surgery. The left and right rod of each image was the implant rod at 

the concave side and convex side, respectively. 
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The implant rod curvature on left and right pair of images represented by 

points ),( 11 nn vu   and ),( 11 nn hw  was fitted by quintic polynomial functions 

using least-square method as 

5

5

4

4

3

3

2

21)( vavavavavavu               (7.2a) 

5

5

4

4

3

3

2

21)( hbhbhbhbhbhw                 (7.2b) 

The coordinate system was established for the three-dimensional 

geometry of implant rod (Fig. 7.1(right)). The implant rod is always pre-bent 

only at a single plane. The x-z plane was set as the principal bending plane. 

This plane also corresponds to the sagittal plane after rotation of rod. The y-z 

plane is orthogonal to the x-z plane. The most inferior end of the implant rod 

was set as the origin (0,0,0). Since the three-dimensional rod geometry could 

be oriented in various directions, 3D coordinate rotation was performed to 

translate the most superior end of the implant rod such that it coincides with 

the z-axis and to transform correspondingly the reference coordinate axes or 

planes. The three-dimensional implant rod geometry was computed using the 

generalized matrix  
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            (7.3) 

The three-dimensional geometry of implant rod can be represented by 

parametric equations in terms of unit vector t as 

5
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2

21)( tctctctctctx   (7.4a) 

5

5

4

4

3

3

2

21)( tdtdtdtdtdty   (7.4b) 

ttz )(                                                                                                        (7.4c) 

The actual length of rod actualL  in mm before bending was used for 

calibration because its length can be measured before surgical implantation. 

From a mechanical viewpoint, we know that the deformation of rod caused by 

bending does not significantly change the length of rod measured at the neutral 

axis. The actual rod length was measured before surgical implantation and the 

curve length of rod in pixels was numerically integrated as 
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t

pixel dttztytxL
0

222
)()()(                                             (7.5) 

The calibration scale k  was computed using Eq. (7.6). This parameter 

is also equal to the resolution of the measurement expressed in mm/pixel. 

pixelactual LLk                                                                                  (7.6) 

The previous parametric equations Eqs. (7.4) can be represented as a 

vector function in pixels where (i, j, k) are the unit vectors for x, y, and z 

directions respectively as 

kjir )()()( tztytxp                 (7.7) 

The three-dimensional coordinates of implant rod in millimeters can be 

computed by equation 

kp  rr                                        (7.8) 

The implant rod geometry before implantation was also measured by a 

conventional flatbed scanner. The implant geometry after surgery (one week 

maximum) was obtained postoperatively by CT scanner (Aquilion 64 CT Scan, 

Toshiba Medical Systems Corporation, Japan).  

 

7.3.2   Implant rod deformation measurement 

The three-dimensional geometry of spinal rod was obtained to quantitatively 

evaluate the implant deformation. The magnitude of implant rod deformation 

was evaluated using the angle of curvature between the most inferior and 

superior ends of the implant rod (Fig. 7.3). The angle of curvature was 

calculated using the three-dimensional implant rod geometry functions.  

 The tangent vector at the most inferior (i = inferior) and superior (s = 

superior) ends of the implant rod was computed as 
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The implant rod angle of curvature was calculated as the angle 

between the two three-dimensional tangent vectors formed normal to the 

implant rod ends (Fig. 7.3). The angle is  between the three-dimensional 

tangent vectors was obtained by ir  and sr  at the most inferior and superior 

implant rod ends, respectively as 
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1cos               (7.10) 

 

7.3.3   Scoliosis correction assessment 

It has already been shown that the implant rod curvature constitutes also the 

postoperative sagittal curve of the spine within its length. Thus, the implant 

rod angle of curvature can be used to evaluate scoliosis curvature correction 

postoperatively. The implant rod angle of curvature obtained in this study and 

the average thoracolumbar curvature of healthy adolescents at the sagittal 

plane established by previous studies were used for comparison. Mac-Thiong 

et al. (2007) measured the physiological thoracolumbar curvature of healthy 

adolescents at the sagittal plane. The individual curvature of each vertebra 

level was also determined because the instrumented level of each patient 

differs from each other. The individual curvature for each vertebra level was 

approximated using the ratio of each height of vertebra reported by Kunkel et 

al. (2011). The normal spine sagittal curvature between the corresponding 

fixation levels of each patient is listed in Table 7.1. The same angle was used 

for both sides for each patient because the extreme fixation level of the 

concave and convex side was also the same for both sides. The desirable 

correction is attained when the postoperative implant rod angle of curvature is 

the same with the normal spine sagittal curvature at the corresponding fixation 

level. Hence, assessment of over or under correction of the sagittal curve could 

be determined by the difference. In this study, under correction is defined 

when the postoperative implant rod angle of curvature was lower than the 

normal sagittal curvature of healthy adolescents. Likewise, over correction is 
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defined when the postoperative implant rod angle of curvature was higher than 

the normal sagittal curvature. 

 

7.3.4   Intraoperative and postoperative force analysis 

The intraoperative and postoperative forces were also computed using the 

changes of implant rod geometry after the rotation of rod and after surgery, 

respectively. The method proposed by Salmingo et al. (2013) was performed 

using ANSYS 11.0 software (ANSYS, Inc., Pennsylvania, USA). The elasto-

plastic finite element model of the implant rod before surgery was 

reconstructed using 10 node tetrahedral solid elements. The forces were 

applied iteratively to the location of the screws such that the rod was deformed 

the same after surgery. The corrective forces acting on the implant rod were 

obtained after series of iterations. The material model was based from the 

implant manufacturer specifications. The elasto-plastic material properties 

were elastic modulus (E), yield stress (σY), yield strain (εY) and hardening 

coefficient (H) equal to 105 GPa, 900 MPa, 8.57x10
-3

 and 2.41 GPa, 

respectively.  

 

7.4   Results 

7.4.1   Implant rod three-dimensional geometry 

The implant rod curvature images were obtained before implantation, before 

rotation of rod, after rotation of rod, and after surgery for each scoliotic patient. 

The implant rod length at the concave side of each patient was 218 mm, 188 

mm and 215 mm for Patient 1, Patient 2 and Patient 3, respectively. The 

implant rod length at the convex side of each patient was 232 mm, 188 mm 

and 239 mm for Patient 1, Patient 2 and Patient 3, respectively (Table 7.1). 

The images were analyzed to measure the three-dimensional implant rod 

geometry. Figure 7.4 shows the three-dimensional implant rod geometry of the 

three patients during scoliosis surgery. To standardize and better understand 

the three-dimensional geometry and deformation of spinal rod, 3D coordinate 
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Figure 7.3 Rod deformation expressed as implant rod angle of curvature. 

 

 

 
 

 

Table 7.1 Range of fixation, normal curvature of the spine, location of rod, 

length of rod and implant rod degree of curvature of each scoliosis patient. 

 

Patient 
Fixation 

range 

Normal 

curve* 

(deg.) 

Location 

Rod 

length 

(mm) 

Before 

implantation 

(deg.) 

Before 

rotation 

(deg.) 

After 

rotation 

(deg.) 

After 

surgery 

(deg.) 

1 T5-L1 22 
Concave 218 52 55 5 26 

Convex 232 32 39 14 24 

2 T6-T12 28 
Concave 188 45 40 9 29 

Convex 188 31 32 26 30 

3 T5-T12 31 
Concave 215 50 40 31 36 

Convex 239 33 35 36 36 
 

* Mac-Thiong et al. (2007) and Kunkel et al. (2011)  

is

s = superior endpoint

i = inferior endpoint
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rotation was performed to translate the most superior end of the implant rod 

such that it coincides with the z-axis and to transform the planes to the 

corresponding reference coordinate axes or planes. The figures at the left side 

show the three-dimensional implant rod geometry at the concave side of 

deformity. The three-dimensional geometry of the implant rods at the convex 

side of deformity are shown at the right side. The 3D implant rod geometry 

was measured at different phases of scoliosis surgery, i.e. before implantation, 

before rotation of rod, after rotation of rod, and after surgery. All rods were 

not significantly deformed in y-z planes, i.e. the deformation was very small to 

be detected.  

The x-z plane shows significant changes of rod geometry at the 

different phases of the surgical procedure. There was a slight difference 

between the geometry of implant rod before implantation and before rotation 

of rod. This is when the rod was just inserted into the heads of the implant 

screws. The rods tended to straighten during and after the surgical operation. 

The highest deformation occurred after rotation of rod and regained its 

curvature after the surgery. The curvature regain indicates that the kyphosis 

curve recovered after surgery or postoperatively. The deformation of rod 

indicates that the amount of corrective forces were significant as indicated by 

the changes of rod geometry in three-dimensions.  

 

7.4.2   Implant rod deformation 

The implant rod angle of curvature was used to evaluate implant rod 

deformation. The implant rod angle of curvature was computed as the angle 

between the two three-dimensional tangent vectors evaluated at the most 

inferior and most superior ends of the rod (Figs. 7.3 and 7.5). This corresponds 

also to the angle of curvature between the most inferior and most superior 

fixation level of the scoliosis patient. The unit of angle is expressed in degrees. 

The implant rod angles of curvature before implantation, before rotation of rod,  
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Figure 7.4 Three-dimensional implant rod geometry during and after surgery. 
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after rotation of rod, and after surgery of each scoliosis patient for the concave 

and convex sides are listed in Table 7.1. 

 Figure 7.5 shows the rod angle of curvature of each patient. The angle 

of curvature of the implant rod at the convex side did not have  

significant deformation except on Patient 1 during after rotation of rod. The  

difference between the implant rod angle of curvature before implantation to 

before rotation of rod for both concave and convex side was 0.4 deg. in 

average (range: -7.0 deg. to 10.0 deg.). For all patients, the highest 

deformation or a decrease in the implant rod angle of curvature was observed 

during after rotation of rod (degree of deformation was 50 deg.). Likewise, the 

implant rod angle of curvature at the concave side recovered after surgery in 

all scoliotic patients. The implant rod angle of curvature increased or regained 

by 9.9 deg. in average (range: 0.3 deg. to 20.7 deg.). 

 

7.4.3   Scoliosis sagittal correction assessment 

Since the implant rod curvature at the sagittal plane constitutes also the 

postoperative sagittal curve of the spine within the rod length. Ideal correction 

is achieved when the implant rod angle of curvature is the same with the 

thoracolumbar curvature of normal or healthy adolescents. The normal 

thoracolumbar curvature of healthy adolescents obtained by previous studies 

at the corresponding fixation level of each patient is listed in Table 7.1. The 

normal curvature for the comparison of the concave and convex side was the 

same since the most inferior and superior fixation level of each patient was 

also the same for both sides. For all patients, there was a small deviation or a 

slight over correction (maximum was 5.0 deg., convex side of Patient 3) from 

the normal curvature for both concave and convex sides (Fig. 7.6). The results 

indicate that the regain of implant rod curvature after rotation of rod were  

beneficial for obtaining the normal kyphosis of scoliosis patients. Thus, 

careful decision making on the shape or curvature of implant rod during 

scoliosis surgery is extremely important to prevent over or under correction of 

the spine sagittal curve. 
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Figure 7.5 Implant rod angle of curvature of each patient. 
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Figure 7.6 Assessment of scoliosis correction using implant rod angle of 

curvature compared to normal curvature of the spine obtained by Mac-Thiong 

et al. (2007) and Kunkel et al. (2011)  
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7.4.4   Intraoperative and postoperative force 

The magnitude of corrective forces obtained by FEA acting on each screw is 

shown in Fig. 7.7. The highest corrective force was acting at the extreme ends 

while the corrective forces along the apical vertebra tended to increase. This 

shows that the apical vertebra needs higher corrective forces than the other 

vertebra. The results show that the forces at the convex side were lower than 

the concave side. Apparently, in Patient 2 (convex-postoperative), the forces 

were minimal because the implant rod completely regained after surgery; 

returned to previous shape. Likewise, we could not detect significant amount 

of rod deformation and forces in the rod at the convex side of Patient 3. The 

results also indicate that the intraoperative corrective forces were significantly 

higher than the postoperative forces. 

 

7.5   Discussion 

Understanding of the biomechanics of scoliosis correction is important 

because until now optimal scoliosis correction is still difficult to attain. 

Surgical parameters specifically what shape and length of rod, location of 

fixation levels and surgical technique still vary dependently with the surgeons’ 

experiences and preferences. There is no consensus yet on what surgical  

strategy can be applied to a certain scoliosis case to achieve an optimal clinical 

outcome. Furthermore, in vivo implant rod deformation could alter the 

correction outcome primarily at the sagittal plane. Thus, it is imperative that 

the three-dimensional changes of implant rod geometry at the different phases 

of shall be measured during scoliosis surgery. 

The results show that the three-dimensional geometry of implant rod 

can be measured intraoperatively during scoliosis surgery. For all cases, there 

was a small difference between the geometry of implant rod before 

implantation and before rotation (Fig. 7.5). This suggests that the corrective 

forces acting on the rods were minimal. This is because the rods were just 

inserted into the screw heads and the correction maneuver or rotation of rod 
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Figure 7.7 Intraoperative and postoperative corrective forces of each patient. 
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has not been initiated yet. Conversely, the rods specifically at the concave side 

tended to straighten after rotation of rod. The significant decrease in the 

implant rod curvature indicates that the corrective forces carried by the spinal 

rod were also high. The goal of scoliosis correction was to transfer the 

previous curvature of implant rod at the coronal plane to the sagittal plane by 

rod rotation (approx. 90 deg). Thus, a significant amount of corrective forces 

is required to displace the spine structure to the desired location. The rod 

curvature tended to regain after surgery (one week maximum) which 

subsequently increased the kyphosis curve. The increase in the implant rod 

curvature might be due to the effects of body weight after surgery wherein 

patients began doing postoperative activities such as standing, walking and etc. 

It is well established that the body weight increases the curvature of the spine 

(Janssen et al., 2010 and Little et al., 2012). 

The angle of curvature revealed that the implant rod at the concave and 

convex side was the same after surgery even though it was pre-bent at a 

different curvature. Furthermore, it can be also noticed that despite of the 

various degree of deformation, i.e. before rotation and after rotation of each 

case, the angle of curvature on both sides tended to converge after surgery. 

These results reveal that there is a compensatory mechanism that attempt to 

equalize the changes in both sides. This is beneficial during scoliosis surgery 

because this could help us estimate the postoperative sagittal curvature since 

the deformation of rod at the convex side was minimal. 

To the best of our knowledge, this is the first time that the 

intraoperative three-dimensional geometry of implant rod was measured 

quantitatively during scoliosis surgery. Previous studies performed finite 

element modeling of the scoliosis surgical procedure (Aubin et al., 2008; 

Lafon et al., 2009; Wang et al., 2011a). However, rod deformation was not 

considered in their analyses. This study showed a significant magnitude of 

implant rod deformation during the different phases of surgery. From a 

mechanical point of view, if rod deformation is not considered in finite 

element analysis or being a rigid body model, the magnitude of computed 

forces will be high and thus unrealistic. Indeed the maximum force obtained 
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by Aubin et al. (2008) was 956 N that is apparently high enough to deform the 

implant rod during scoliosis surgery. Salmingo et al. (2012a) reported the 

magnitude of corrective forces acting on the deformed implant rods after 

surgery. The maximum corrective force obtained was 439 N. Deformation of 

implant rod should not be neglected in order to obtain more accurate results. 

The intraoperative and postoperative corrective forces were also computed. 

The implant rod deformation is directly related to the magnitude of corrective 

forces acting on the spine in vivo. The highest corrective force occurred after 

the rotation of rod and decreased after surgery (Fig. 7.7). The magnitudes of 

corrective forces imply that the intraoperative phase requires more attention 

for preventing implant rod breakage or screw pullout during scoliosis surgery. 

Thus, careful intraoperative rod maneuver and planning is important to 

achieve a safe and optimal clinical outcome. 
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8.1   Summary of findings 

The distribution of corrective forces acting at the deformed implant rod was 

analyzed using just the rod geometry at different phases of scoliosis treatment, 

i.e. during surgery and after surgery. These forces are carried by the implant 

rod as a result of the inherent resistance of the spine to correction. This work 

helps to understand the magnitude of corrective forces acting at the vertebrae 

of the spine during scoliosis treatment. 

 The proposed numerical method using the dual-camera system to 

measure the intraoperative three-dimensional geometry of implant rod during 

scoliosis surgery was validated using the actual implant rod used for scoliosis 

treatment. The accuracy of the method (within 0.32 to 0.45 mm) is sufficient 

enough to measure the intraoperative deformation of implant rod during 

scoliosis corrective surgery. The proposed method is useful because it requires 

only the actual length of implant rod for calibration and does not employ any 

calibration markers and additional devices which could interfere the scoliosis 

surgical procedure.  

Scoliosis correction mechanism does not only depend on the number of 

screws and corrective forces acting on implants but also associated with screw 

the placement configuration. The findings of this study suggest that scoliosis 

deformity can be easily manipulated with higher screw density. However, 

increasing screw density alone does not ensure safe clinical outcome as 

indicated by the magnitude of forces. Moreover, the increase in total number 

of screws tended to reduce the magnitude of corrective forces. The forces 

tended to be more distributed when more screws are used but also may depend 

on the screw placement configuration.  

The positive correlation between the degree of rod deformation and 

preoperative implant rod curvature implies that the postoperative implant rod 

shape or clinical outcome can be predicted from the initial implant rod 

geometry. It was clearly shown that the implant rod curvature greatly 

influenced the sagittal correction of scoliosis deformity. Careful planning of 

the preoperative implant rod curvature is necessary to prevent over or under 
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correction of spine deformity. The deformation of implant rod indicates that 

the corrective forces required at the concave side are higher than the convex 

side of deformity.  

To the best of our knowledge, this is the first time that the 

intraoperative three-dimensional geometry of implant rod was measured 

quantitatively during scoliosis surgery. The magnitude of intraoperative 

corrective forces was higher than the postoperative forces. This suggests that 

extensive planning of the implant rod shape to be used for scoliosis treatment 

is important because bone and implant fracture might occur intraoperatively as 

indicated by the magnitude of forces. 

In this study, we presented the magnitude of corrective forces acting on 

the deformed implant rod and vertebra during scoliosis surgery. This study 

provides new insights on the effects of screw placement configuration on the 

corrective forces and deformation behavior of the implant rod during scoliosis 

treatment. 

 

8.2   Future works 

The optimal implant rod geometry which could attain the best clinical 

outcome could be investigated using patient-specific finite element model of 

the spine and implants. Using patient-specific models, it is possible to 

investigate the effects of instrumentation and outcome of the surgical 

procedure. 

 Another important issue during the surgical treatment is the loss of 

feeling of the surgeon to feel the resistance of each corrected level (i.e. located 

at each screw). This is because the rod rotating device is attached to the rod at 

a single location only. It will be more meaningful in future studies if we can 

directly establish the relation of the required force to rotate the rod and the 

forces acting on each screw or vice versa because the corrective forces 

occurring at each screw might be excessive. From this, the surgeons can 

decide intraoperatively whether the applied force during the rod rotation 

maneuver is safe or not. 
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 The reconstruction of implant rod three-dimensional geometry was 

conducted after the images had been obtained. These images were analyzed 

using a custom program in Matlab by manually selecting the points along the 

neutral axis for curve fitting of the implant rod shape. Thus, the three-

dimensional reconstruction of implant rod geometry is not conducted in real-

time. The real-time reconstruction is difficult because of image artifacts (e.g. 

blood surrounds the rod, implant screw head covers the rod). Hence, it will be 

more useful in the future to develop an image processing algorithm that will 

automatically segment the implant rod shape and remove the image artifacts. 

Furthermore, we could also analyze the real-time corrective forces from the 

implant rod deformation during scoliosis corrective surgery. 
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