
 

 

 
Copyright Undertaking 

 

This thesis is protected by copyright, with all rights reserved.  

By reading and using the thesis, the reader understands and agrees to the following terms: 

1. The reader will abide by the rules and legal ordinances governing copyright regarding the 
use of the thesis. 

2. The reader will use the thesis for the purpose of research or private study only and not for 
distribution or further reproduction or any other purpose. 

3. The reader agrees to indemnify and hold the University harmless from and against any loss, 
damage, cost, liability or expenses arising from copyright infringement or unauthorized 
usage. 

 

 

IMPORTANT 

If you have reasons to believe that any materials in this thesis are deemed not suitable to be 
distributed in this form, or a copyright owner having difficulty with the material being included in 
our database, please contact lbsys@polyu.edu.hk providing details.  The Library will look into 
your claim and consider taking remedial action upon receipt of the written requests. 

 

 

 

 

 

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 

http://www.lib.polyu.edu.hk 



DESIGN AND EVALUATION OF ORTHOTIC 

TREATMENT FOR PATIENTS WITH ADOLESCENT 

IDIOPATHIC SCOLIOSIS USING A PURPOSE-DESIGN 

ASSESSMENT FRAME AND 3-DIMENSIONAL 

CLINICAL ULTRASOUND ANALYSIS 

HASSAN BEYGI BABAK 

PhD 

The Hong Kong Polytechnic University 

2020 



I 

 

The Hong Kong Polytechnic University 

Department of Biomedical Engineering 

 

 

Design and Evaluation of Orthotic Treatment for Patients 

with Adolescent Idiopathic Scoliosis Using a Purpose-design 

Assessment Frame and 3-Dimensional Clinical Ultrasound 

Analysis 

 

 

HASSAN BEYGI Babak 

 

 

 

 

A thesis submitted in partial fulfillment of the requirements for the 

degree of Doctor of Philosophy 

 

January 2019 

 



II 

CERTIFICATE OF ORIGINALITY 

I hereby declare that this thesis is my own work and that, to the best of my 

knowledge and belief, it reproduces no material previously published or written, nor 

material that has been accepted for the award of any other degree or diploma, except 

where due acknowledgment has been made in the text.  

___________________ (Signed) 

 _HASSAN BEYGI Babak__ (Name of student) 



III 

 

ABSTRACT OF THE THESIS 

Adolescent idiopathic scoliosis (AIS) is considered as a three-dimensional structural 

spinal deformity characterized by abnormal lateral curvature over 10° with 

concomitant axial rotation of the spine and no known reason. The incidence rate of 

scoliosis has been reported to affect between 1 to 3% of the population. Spinal 

orthotic treatment is commonly prescribed to the patients with moderate AIS and its 

effectiveness has been accepted by recent studies. According to the literature and 

clinical judgment, various factors contribute to the orthotic treatment outcome, and 

initial in-orthosis correction is a crucial parameter to evaluate the long-term 

treatment effectiveness of spinal orthoses. To obtain the most effective treatment, 

orthotists need to design the orthosis that comprises the optimum in-orthosis 

correction with regard to the level of subject’s accepted tolerance. To achieve this, 

the pressure pads should be applied at proper level, location, magnitude and 

orientation. Nevertheless, in current clinical practice, the arrangement of the pads is 

chosen empirically according to the experience of orthotist as well as general 

guidelines on different orthosis designs. The immediate in-orthosis correction (or the 

correction rate of the curvature) cannot be checked immediately during the process 

of measurement and fitting of the spinal orthosis. Conventionally, after the fitting of 

orthoses, the patients are referred to take radiographs to check the effectiveness of 

orthoses. The current practice is to request the patients to wait for the appointment of 

taking X-ray, and within this period the clinical effectiveness of the orthosis cannot 

be monitored. Furthermore, taking the frequent X-ray will increase the dosage of 

radiation to the adolescents as well as intensify the risk of breast cancer. In addition, 

the suboptimal pad placement and pressure will affect the level of initial in-orthosis 

correction which can only be determined after a few weeks of adaptation to the 

orthosis and obtaining the X-ray; the long-waiting results of in-orthosis radiograph 

may even necessitate further modification of the pad placement without real-time 

feedback to the orthotist. 

3-D clinical ultrasound (CUS) technique can be counted as a low-cost alternative to 

the X-ray since it is considered as a radiation-free approach and an immediate 

assessment method to be implemented in an approximately real-time assessment of 

scoliosis. Therefore, this study aimed to develop a purpose-design assessment frame 
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for determination of biomechanical parameters of the pad pressure in spinal orthosis 

in the process of orthosis measurement and fitting under the guidance of the 3-D 

CUS system and to evaluate the feasibility of this treatment method on a cohort of 

patients with AIS. 

After development of the assessment frame and checking the feasibility of the 

system, 39 consecutive subjects with AIS who were prescribed with the spinal 

orthosis served as the control group and were compared with the test group. Twenty-

four subjects with AIS were prospectively recruited and assigned into the test group 

in this non-randomized clinical controlled trial. There was no significant difference 

in respect to the Cobb angle and corresponding radiographic and demographic data 

between the two groups at the baseline of this study. Ethical approval was obtained, 

and subjects and their guardians/parents agreed to participate in the study by signing 

the consent form. The subjects in the test group were requested to sit inside the 

assessment frame while the strategic pads applied the corrective forces and the level 

of correction was monitored by the CUS system to meet at least 30% correction of 

the curvature. Once achieved, the trunk shape of the subjects was captured using the 

CAD/CAM scanner and proper orthoses were designed for the subjects in this group 

under the integrated system of assessment frame, CUS and CAD/CAM. Subjects in 

the control group received the orthoses as scanned and fabricated in routine clinical 

practice of the hospital (under the same group of orthotists). The pre-orthosis and 

initial in-orthosis X-ray of the subjects in both groups served as a reference for the 

comparison while the follow-up X-ray comparison was administrated for the subjects 

reached to that specific time point of study completion. The assessment of in-

orthosis X-ray showed that the mean Cobb angle of the major curves in the test 

group (n=24) decreased from 28.3°±5.2° (pre-orthosis) to 17.2°±8.1° (in-orthosis) 

while the mean Cobb angle of the major curves in the control group (n=39)  showed 

a decline from 28.9°±6.9° to 22.8°±8.2°. The correction rate in the test group (40.2%) 

was significantly (p <0.05) higher than that of the control group (22.6%). In terms of 

apical vertebral rotation (AVR), the magnitude of rotation reduction in the major 

curves of both groups was statistically significant, despite the fact that there was no 

significant difference between two groups. In the sagittal plane, although the 

application of the orthosis in both groups caused a significant reduction in the 

lumbar lordosis, no significant difference was observed in comparison of two 
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groups. While the thoracic kyphosis significantly declined in the control group, the 

decrease of kyphosis was not significant in the test group. By combining the curves 

altogether in the test group, the values of the Cobb angle in pre-orthosis standing X-

ray and CUS demonstrated a good and significant correlation (r =0.81) at the 0.05 

level. Likewise, in-orthosis X-ray and “simulated” in-orthosis US showed a good 

and significant correlation in terms of Cobb angle and AVR as the Pearson 

correlation coefficient was found 0.78, and 0.83, respectively. The between-group 

comparison of X-ray parameters in 10 subjects in each group and in three time points 

of pre-orthosis X-ray, in-orthosis X-ray and the follow-up out of orthosis radiograph 

did not reveal any significant difference across all parameters of Cobb angle, AVR, 

kyphosis, and lordosis. The results of this study suggested that the development of 

this combined design method might have the potential to assess the scoliosis, 

improve the orthotic treatment outcome in more documented method being 

implemented into the current practice and decrease the risk of surgical intervention 

occurrence in patients with AIS. Furthermore, the force application to the patient’s 

trunk in the assessment frame may be considered as guidance for fitting of the 

patient similar to what he or she may experience later in the orthosis, so his or her 

feedback, comfort and level of acceptance to the pressure could be helpful and be 

evaluated in the process of decision making on adjustment of force magnitude before 

the real orthosis being made and fitted. This study may impact on control of the 

deformity, treatment effectiveness and probably improvement of the efficacy of 

orthotist’s clinical judgment, objectively. In the future, the design of assessment 

frame can be further improved to target a variety of curves in different levels 

especially high thoracic curves; finally, further development of CUS system and 

consideration of the PMC concept may facilitate a real-time fast 3-D reconstruction 

of the spine in the plane with maximum deformity, and at the same time, the 

importance of establishment of handheld portable CUS units in the process of 

assessment of spinal deformities should not be neglected. 
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1. CHAPTER 1: INTRODUCTION 

In the beginning of this dissertation, the motivation and objectives of this study are 

introduced: 

1.1. Background 

Adolescent idiopathic scoliosis (AIS) is a three dimensional deformity in the spine 

comprised of the lateral curvature of the spine with accompanying vertebral rotation. 

It usually affects up to 3 percent of children within the range of 10-16 years 

(Weinstein et al., 2013). Several parameters contribute to the curve progression 

including the gender, age, curve magnitude, skeletal maturity, and the potential of 

remaining growth (Chalmers et al., 2015).  AIS predominantly affects the girls with a 

female to male ratio of  1.5:1 to 3:1 and in general, the clinical presentation of 90% 

of the patients will be right-sided thoracic curve (Choudhry et al., 2016). This 

deformity may cause higher incidence of low back pain, discontent with body image, 

and even pulmonary dysfunction.  The diagnosis is carried out by posterior-anterior 

and lateral X-rays using a reference method (Cobb) to measure the magnitude of the 

curve. According to the scoliosis Research Society (SRS), the Cobb angle greater 

than 10
°
 would be considered as a scoliotic curve (Kim et al., 2015).  

The treatment of AIS is determined by the severity of the curvature and skeletal 

maturity. Currently the interventional modalities for patients with AIS subdivide into 

three categories; observation for the mild curves, orthotic appliances in case of 

moderate curves and surgical intervention in patients with severe curves. Orthotic 

treatment is generally indicated for patients with moderate curve between 20
◦
 and 45

◦
 

(Schiller et al., 2010, Katz and Durrani, 2001, Weinstein et al., 2013).  

Currently, the patients should follow a set of radiographic assessments within the 

intervals throughout the whole course of the treatment. This accumulative number of 

exposure to radiation will increase the risk of breast cancer (Pace and Ricci, 2013). It 

has been estimated that the typical patients with scoliosis may have approximately 

22 plain radiographic examinations over a 3-year treatment period that concerns the 

families of growing teenager as well as health related professionals (Chen et al., 



2 

 

2013). Therefore, strategies to decrease the number of radiographs in each patient are 

of utmost value in scoliosis treatment. In addition, plain radiographs neglect and 

underestimate the details of 3-D deformity by representing it into only two planes 

(Kotwicki, 2008, Delorme et al., 2000, Lechner et al., 2017, Pasha et al., 2016, 

Glaser et al., 2012). In attempt to decrease the number of radiation up taking, 

plummet or remove the dosage of radiation and visualize the 3-D aspects of spine, 

new imaging methods including the stereo-radiography (EOS) and 3-D clinical 

ultrasound (CUS) imaging have been investigated.  

One of the recently-developed pioneering techniques in imaging is the non-ionizing 

assessment of scoliosis using the 3-D ultrasound imaging. It is a radiation-free, cost 

effective and user friendly system to operate. By deploying the high frequency sound 

waves to propagate through a medium, reflected signals will be established through 

the acoustic properties of the medium. In clinical ultrasound, transducer (probe) 

transmits a pulse through the skin, muscle and into the internal organs. The echoes 

then will be bounced back, processed and displayed on the screen. The development 

of the 3-D ultrasound system facilitates the 3-D reconstruction of vertebral 

components as well as the measurement of scoliotic curvature (Vo et al., 2015, Ungi 

et al., 2014, Suzuki et al., 1989, Cheung et al., 2015a). The reflection of bony 

landmarks i.e., transverse process, spinous process and laminae can be detected in 

the 3-D ultrasound images by recognizing the hyper-echoic points  (Nguyen et al., 

2015, Cheung et al., 2018, Chen et al., 2016). Li et al. (2015) utilized the Spinous 

Process Angle (SPA) as an accumulating angle emerged by every two lines 

connecting the 3 adjacent spinous processes. Another method was proposed by Chen 

et al. (2012) called the Center of Laminae (COL) method as a highly reliable 

procedure to measure the coronal curvature and vertebral rotation in AIS subjects 

without need to expose the patient to radiation. 

The outcomes of orthotic intervention for AIS are associated with accurate orthosis 

fitting and the precision of pad placement and pressure level in the spinal orthosis. 

This approach may facilitate to improve the effectiveness of orthotic treatment (Li et 

al., 2012). According to the Clin et al. (2011), the long-term outcomes of the planned 

treatment is attributed to the immediate in-orthosis correction. Since the ultrasound 

emits no ionizing radiation, the evaluation of spinal curvature with ultrasound-

guided procedure can be repeated until the orthotist satisfies with the optimal curve 
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correction based on the changes in magnitude of ultrasound parameter (Chan et al., 

2013).  

Application of 3D scanners and computer-assisted modeling for obtaining the 

patient’s torso geometry and milling a positive model for an orthosis fabrication has 

altered the industry of orthosis manufacturing magnificently within recent decades. 

On the other side, finite element computer models have aided the process of orthosis 

fitting through the analysis of evaluation of various combinations of orthosis types to 

determine the appropriate magnitude of force and the pad placement within the 

structure of orthosis (Pea et al., 2018, Wen-Kai et al., 2012). 

Making decision on where to apply the pads inside the orthosis is one of the most 

important hurdles in the process of orthosis fitting. The magnitude of pressure and 

the placement of the pads are usually chosen according to the orthotists’ skill and the 

pre-orthosis X-ray and consequently, the pads may need to be modified in the 

follow-up sessions to guarantee the appropriate curve correction. While too much 

pressure at the orthosis pad locations might lead to discomfort and lack of 

compliance, on the other side of the spectrum, inadequate level of force application 

may abandon the curve correction (Chen et al., 2013). The current method of 

designing a customized spinal orthosis involves using the plaster of Paris to make a 

negative impression of the patient’s body to be utilized in the process of orthosis 

fabrication. Owing to the rapid and huge advancement in computer technology, 

scanning and CAD/CAM systems are used to trace the characteristics of surface 

topography of the patient’s spine within a fraction of time which decreases the 

artifact of subject’s movement as well as difficulties of application of the plaster 

with similar clinical effectiveness but with improved efficacy than that of the 

conventional method (Wong, 2011). The 3-D captured information of the trunk is 

then imported and rectified on CAD/CAM software by the orthotist while similar 

theoretical and practical concepts deployed for the plaster positive model are being 

implemented virtually. Finally, the virtual 3-D model is exported to the milling 

machine that carves the positive model from the polyurethane foam blocks.  

Generally, in the process of taking an impression, a certain level of force is applied 

to the patient’s trunk in an empirical approach until the body-wrapped plasters get 

dried; after that, the orthotist will complete the rectification on a positive mold to 
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reach to the certain level of correction he or she may empirically finds adequate. 

Similarly in the process of CAD/CAM scanning, the orthotist will request the patient 

to take a straight posture and after the completion of scanning, the orthotist will 

modify the model according to his expertise and perception of the patient’s trunk 

shape with reference to the pre-orthosis X-ray. 

This completely subjective procedure of orthosis casting (scanning) aroused our 

curiosity to seek for an innovative design by development of a special assessment 

frame comprising different corrective pads which could apply more convinced level 

of forces to the patient’s spine throughout the process of scanning and in a 

documented method. By changing the pad locations and direction with a quasi-real-

time reconstructed model of spinal curves in the ultrasound- guided system, the 

appropriate curve correction might be attained. Once the minimum accepted level of 

initial curve correction is achieved, the scanner will complete the procedure to 

capture the trunk shape in that specific posture and arrangement of force application. 

Therefore, this study aimed to develop and evaluate the feasibility of a combined 

method including a purpose-design assessment frame, 3-D CUS and CAD/CAM 

technology in the process of orthotic treatment of patients with adolescent idiopathic 

scoliosis.  

 

1.2. Objectives 

The objectives of the current study were as follows: 

I. To design and develop a special assessment frame to apply the corrective 

forces and counter-forces on patient’s spine by integrating the real-time 3-D 

ultrasound system and CAD/CAM system, in preparation to fabrication of 

Hong Kong spinal orthosis (technological development) 

II. To compare the effectiveness of Hong Kong spinal orthosis designed 

according to the aforementioned method with the conventional procedure 

implemented in the P&O department in a follow-up arrangement by 

comparison of X-ray in 3 time points of pre-orthosis, in-ortosis and follow-up 

(out of orthosis) (clinical trial) 
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1.3. Thesis outlines 

The main content of this thesis is divided into 5 chapters. 

CHAPTER 1 INTRODUCTION: this chapter introduces the background, motivation 

and objectives of this study. 

CHAPTER 2 LITERATURE REVIEWS: this chapter reviews the previous literature 

on detailed information related to adolescent idiopathic scoliosis. 

CHAPTER 3 METHODOLOGY: this chapter describes the process of clinical 

experiment conducted in this study 

CHAPTER 4 RESULTS: this chapter presents the result of assessment of initial in-

orthosis correction in test and control group in 3 different planes. Correlation 

analyses are also illustrated. 

CHAPTER 5 DISCUSSION: this chapter demonstrates the comparison of two 

groups while possible justifications are provided. Limitations of this study are 

highlighted as well. 

CHAPTER 6 CONCLUSIONS: this chapter summarizes the key findings of this 

study and finally offers recommendation for the future studies.  
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2. CHAPTER 2: LITERATURE REVIEW 

In this chapter, the fundamental information on adolescent idiopathic scoliosis (AIS) 

is provided. Knowledge and background on CUS and orthotic treatment are reviewed 

as well. 

 

2.1. Spine and vertebrae 

Three anatomical planes with regards to the spine and vertebrae (sagittal, coronal 

and transverse) have been illustrated in Figure 2-1.  

 

Figure 2-1 Body plane diagram  

(https://teachmeanatomy.info/the-basics/anatomical-terminology/planes/) 

Vertebral column is considered as a complex structure that provides the mobility and 

stability of the trunk and simultaneously is accounted as a protective structure to the 

vertebral column. It includes 33 vertebrae and 23 intervertebral disks. The 5 sub-

sections of cervical (C1-C7), thoracic (T1-T12), lumbar (L1-L5), sacral (S1-S5) and 

coccyx constitute the whole structure of the spine. The vertebrae size increases from 

top (cervical) to bottom (lumbar). There are four individual curves in the sagittal 

plane which form the kyphotic and lordotic curves of the spine; however in general, 

https://teachmeanatomy.info/the-basics/anatomical-terminology/planes/


7 

 

no curvature in the coronal plane is expected to be observed (Levangie and Norkin, 

2011). The sagittal profile of the spine is presented in Figure 2-2. 

 

Figure 2-2 Sagittal view of a normal spine  

(https://biologydictionary.net/thoracic-vertebrae/) 

Each typical vertebra should include two main parts of vertebral body anteriorly and 

a neural arch at posterior. While the vertebral body plays a key role in load bearing, 

the posterior arch encircles and protects the spinal cord. The vertebral arch includes a 

set of two pedicles and a pair of laminae connecting at the end of each arch in the 

posterior to form the spinous process. Intervertebral disks, ligaments and muscles 

connect the vertebrae together. Figure 2-3 depicts a typical vertebra. 

 

Figure 2-3 A typical lumbar vertebra, top and side view 

(https://fpnotebook.com/legacy/ortho/anatomy/LmbrSpnAntmy.htm) 

 

https://biologydictionary.net/thoracic-vertebrae/
https://fpnotebook.com/legacy/ortho/anatomy/LmbrSpnAntmy.htm


8 

 

2.2. Scoliosis 

Scoliosis is defined as a lateral curvature of spine with coincident rotation of spine 

and rib hump. If the source of this curvature is not diagnosed, then it will be fallen 

into the category of idiopathic scoliosis  (Reamy and Slakey, 2001). Idiopathic 

scoliosis divides into 4 sub-groups of infantile (age 0-2), juvenile (age 3-9), 

adolescent (age 10 up to skeletal maturity, usually 17) and adult (Yaman and 

Dalbayrak, 2014). SOSORT has proposed the corresponding classification as listed 

in Table 2-1. In addition, the most common patterns of scoliosis (C and S shape) are 

depicted in Figure 2-4. 

 

Figure 2-4 Scoliotic Spine in C and Shape  

(https://www.scoliosissos.com/news/post/s-curve-vs-c-curve-scoliosis-treatment) 

 

Table 2-1 Classification of idiopathic scoliosis (Negrini et al., 2018) 

 

https://www.scoliosissos.com/news/post/s-curve-vs-c-curve-scoliosis-treatment
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2.3. Adolescent idiopathic scoliosis (AIS) 

2.3.1. Prevalence of AIS 

Adolescent Idiopathic Scoliosis (AIS) is the most common type of pediatric scoliosis 

(approximately 80%) which may affect 1 to 3% of teenagers between the ages 10 to 

17. Almost 10% of the diagnosed cases will require a non- invasive treatment plan 

while around 0.3% may need to proceed for a surgical intervention. It is more 

common in the female gender and the right-side thoracic and left side lumbar 

curvatures are considered as dominant types. Girls to boy ratio is also a function of 

curve magnitude, as in the case of curves between 10° to 20°, the ratio of girl to boy 

is relatively identical (1.3:1), ascending to 7:1  for the  curves larger than 30°. As the 

name implies, the etiology of AIS is unspecified and it should be differentiated from 

syndromes, as well as neuromuscular and congenital variations of scoliosis; however 

according to the theories, factors such as hormonal changes, muscle imbalance and 

genetics might be influential in the occurrence of this abnormality (Menger and Sin, 

2018). The prevalence of AIS in Hong Kong is referred to a study conducted by Luk 

et al. (2010). By evaluation of school screening program and following a large 

cohort of students, the prevalence of AIS by the age of 19 was reported as 1.39%. 

Based on the results and low referral rate of scoliosis screening program in Hong 

Kong on those years, they supported the idea of continuation of this program to 

identify more potential cases. 

2.3.2. Progression of AIS 

Versatile parameters such as age, the magnitude of the curve at the beginning of 

treatment, skeletal maturity and sagittal parameters are crucial to curb the 

progression of AIS. In evaluation of 133 curves within 40 years, Weinstein and 

Ponseti (1983) distinguished the prognostic factors resulting in a curve progression. 

According to their observations and regardless of the type, the progression in curves 

below 30° at skeletal maturity did not happen. They asserted that Cobb angle and 

apical vertebral rotation are the prognostic parameters in the thoracic curves while in 

the lumbar curves, Cobb angle, apical vertebral rotation, and the direction of the 

curve and the orientation of the L5 to the sacrum intersection line play an essential 

role in determination of the curve progression.   The risk of curve progression of 5° 
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is significantly higher  in younger and skeletally immature patients (Richards et al., 

2005).  Generally speaking, the idiopathic scoliosis may progress at any time during 

the childhood and adolescence. The most common manifestation appears during the 

periods of growth spurt (between 6 and 24 months, between age 5 and 8 years, and 

most importantly at puberty at age of 11 to 14 in females (Negrini et al., 2018). Peak 

height velocity in girls need to be monitored cautiously as it may correspond to the 

critical time slot of 6 month before the menarche in girls. Basically, the speed of 

progression in this period accelerates dramatically. Following to this period and after 

the initiation of the menarche, the growth speeds up gradually (Yaman and 

Dalbayrak, 2014).  

2.3.3. Screening of AIS 

Scoliosis school screening aims to facilitate the process of early detection of AIS to 

provide the appropriate treatment as early as possible in an attempt to reduce the risk 

of surgery (Plaszewski and Bettany-Saltikov, 2014, Labelle et al., 2013, Zheng et al., 

2017). Two consecutive clinical evaluation procedures are generally implemented to 

rule out the students with normal curvature from those suspected to scoliosis 

deformity. Adam’s forward bending test is the primitive clinical assessment in which 

the examiner identifies any rotation of trunk by eye balling approach. Then, as 

depicted in Figure 2-5, scoliometer tool or recently developed apps are utilized to 

measure the degree of trunk rotation (rib hump). The threshold within the range of 7° 

to 9° measurement in scoliometer is referred for X-ray diagnosis and complementary 

evaluation to detect any potential case with scoliosis (Labelle et al., 2013). 

 

Figure 2-5 Measurement of degree of trunk rotation by scoliometer 

(https://www.scoliosissos.com/news/post/scoliometer-apps) 

 

https://www.scoliosissos.com/news/post/scoliometer-apps
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2.3.4. Assessment of AIS 

In addition to the Adam’s bending test and scoliometer, evaluation of the X-rays is 

yet the gold standard in scoliosis clinical settings. Measurement of the curvature in 

the coronal plane will confirm whether the curve is larger than 10° or not. 

Assessment of vertebral rotation can be conducted through various methods 

including Perdiolle’s torsiometer, Nash and Moe method or Raimondi ruler which 

might be more reproducible (Padulo and Ardigo, 2014, Lam et al., 2008). In 

addition, the Risser sign can be considered as one of the key parameters to estimate 

the patient’s skeletal maturity. Recently, Hung et al. (2018) introduced a new index 

called Thumb Ossification Composite Index (TOCI) which is based on the 

classification of the thumb epiphysis as well as appearance of the adductor sesamoid 

in the patient’s hand radiographs (see Figure 2-6) and is mentioned to be a simplified 

accurate measurement scale for prediction of the skeletal maturity.  

 

Figure 2-6 TOCI classification (Hung et al., 2017) 
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2.3.5. Treatment of AIS 

Prevention of the curve progression is considered as the fundamental goal of 

treatment protocols in patients with AIS. Numerous treatment methods have been 

proposed and implemented. Observation, physiotherapy and specific exercises, 

orthotic intervention, traditional Chinese medicine combined therapy and surgery 

have been introduced and advocated by different research groups and parties (Wei et 

al., 2015, Weiss, 2012, Negrini et al., 2015, Kalichman et al., 2016, Zheng et al., 

2018c, Moramarco and Borysov, 2017).  

Observation is the first step to regularly monitor the curvature without obtaining X-

ray. While general physiotherapy exercises have been proposed to serve as a 

complement to orthosis to improve the postural control during the activities of daily 

living (Weiss, 2012), scoliosis specific exercises have been depicted to be effective 

in the coordination and spinal proprioception. The frequency of exercise sessions 

might differ from twice to 7 days per week according to the motivation and the 

ability and willingness of the patient to perform and follow the exercises at the center 

and home. 

Orthotic treatment is suggested to be prescribed for the progressive curves within the 

range of 20° to 45°. Progression of the curvature is determined by at least 6° of 

increase in Cobb angle between two consecutive sessions; therefore a continuous 

monitoring of the curvature is prescribed to scoliotic patients till the complete 

skeletal maturity. The typical course of orthotic intervention for AIS patients is 2 to 

4 years (depending on variant maturity of each subject) (Wood, 2014). The entity of 

the curve and intensity of the acting forces are critical parameters associated with the 

degree of progression. The restriction that the spinal orthoses provide alters the 

mechanical behavior of the scoliotic spine. The orthoses play a fundamental role in 

the application of corrective forces to the spine to control the curve progression and 

facilitate the transmission of the forces in favor of retaining a normal spinal feature. 

In general, the orthoses comprise two mechanism of passive and active to interact 

with the trunk.  Versatile orthotic designs have been applied within last decades 

aiming to restore the normal configuration and alignment of the spine (Aulisa et al., 

2012). Orthotic treatment of scoliosis is segregated into the prescription of cervico-

thoraco-lumbo-sacral orthosis (CTLSO) and thoraco-lumbo-sacral orthosis (TLSO). 
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The CTLSO is prescribed for the thoracic curves with the apex located above T7. 

Today, the only available CTLSO orthosis is the Milwaukee orthosis while there are 

numerous TLSO designs popular in different regions of the world which attempt to 

achieve partial correction up to level of high thoracic curves through the 

modification of the mechanism of TLSOs (Kuroki, 2018). All rigid TLSOs have 

common components including the pelvic girdle, built-in lumbar and thoracic pads 

corresponding to the observed major curves. The main difference between these 

TLSOs refers to the trim lines, the concept of symmetric or asymmetric design, the 

materials used in the fabrication of the orthosis and the opening of the orthosis as 

whether it is anterior opening or the posterior one. The type of TLSO mainly 

prescribed and fitted in Hong Kong is a variation of the Boston design named the 

Hong Kong orthosis as shown in the Figure 2-7 . The Hong Kong orthosis is a 

symmetric design with built-in lumbar and thoracic pressure pads; a posterior-

opening design with three (up to 4) sets of buckles and straps to control the tightness 

of the orthosis. In general, the level of tightness is marked on the straps to remind the 

patient and the families about the reference level for the quality of orthosis wearing. 

The Hong Kong orthosis prescribed to be worn 23 hours per day as so for the other 

full-time TLSOs. Regardless of the type of orthosis, orthotic treatment in general 

aims to prevent the curve progression and facilitate the correction as much as 

possible and tolerable to the adolescents. According to the classification of the 

SOSORT, orthotic treatment in AIS comprises the following items in terms of 

wearing time: 

1) Night time rigid orthoses (8 to 12 hours per day) mainly during the sleeping 

2) Soft orthoses 

3) Part time rigid orthoses (12 to 20 hours per day) mainly outside school and 

during sleeping 

4) Full time rigid orthoses (20 to 24 hours per day) 
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Figure 2-7 Example of the Hong Kong orthosis designed and fitted in this study 

 

A comprehensive knowledge on biomechanical action of orthosis guides the 

practitioners to appreciate the difficulties of force transmission through the orthotic 

system to the spine as it needs suitable gripping points and simultaneously the 

mechanical properties and viscoelastic response of the soft tissue located between 

the orthosis and bony structures of spine may prevent the direct application of the 

forces to the targeted spinal vertebrae. According to the SOSORT guidelines, three-

point pressure force system is yet the essential and dominant biomechanical principle 

for correcting a spinal curvature (Rigo et al., 2006). In designing the spinal orthoses, 

some common principles should be accounted for. These principles include: 1) 

Avoidance of any direct pressure on bony prominences to prevent the risk of 

pressure sores 2) Transmission of lateral forces to the vertebrae through the 

corresponding ribs below the apex in the thoracic region and via the paraspinal 

muscles and underlying transverse processes in the lumbar region 3) Necessity of 

combination of the force and counterforce to configure the three point pressure 

system 4) Application of passive force and encouragement to active movement 5)  

Application of proper lumbar lordosis to control the spine movement and 

simultaneously to provide further contact area for the corrective forces being applied 

on lumbar transverse processes 6) Enough clearance to respiration function in spite 
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of application of corrective force on corresponding ribs in thoracic region. As 

opposed to the concept of rigid orthoses, Coillard et al. (2008) introduced a soft 

orthosis in the process of orthotic treatment of AIS. The principle of corrective 

movement was exploited to control the scoliotic deformity through the soft orthosis 

called SpineCor. The developers conducted a prospective study on AIS subjects and 

concluded that the soft orthosis can be an effective modality for the treatment of AIS 

as more than 90% of the involved subjects had stabilized spine up to 2 years after the 

orthosis weaning (Coillard et al., 2007). An independent study conducted by Wong 

et al. (2008) revealed the higher failure rate of the soft orthosis as compared to the 

rigid ones. They found out that the curves in 68% of the subjects in the SpineCor 

group and more than 90% of the cases in the rigid orthosis did not progress, but rigid 

orthoses were significantly superior to the group of subjects fitted with soft orthosis.  

Randomized control trial by Weinstein et al. (2013) emphasized the effectiveness of 

rigid orthotic treatment in decreasing the risk of surgery in AIS patients. Chalmers et 

al. (2015) developed a logistic regression model to predict the risk of progression in 

AIS patients and found more than 70% accuracy in prediction. The location, 

magnitude and the direction of the pressure applied to the spine are important 

parameters to facilitate the orthotic correction. The appropriate fitting of the orthosis, 

number of hours the orthosis is worn and, the level of tightness of straps, compliance 

to the treatment, family history and geographic distribution all contribute to the 

success or failure of orthotic treatment. Higher risk of progression also could be 

observed if the orthosis is only worn overnight or if the orthotic treatment pauses for 

more than 2 months per year (Negrini et al., 2018). 

 

2.3.6. Initial in-orthosis correction 

In order to check the effectiveness of prescribed orthosis, the AIS patients are asked 

to take an in-orthosis X-ray after the adaptation period which might be a few weeks 

after the fitting of newly-fabricated orthosis. 

The initial in-orthosis correction is considered as a representative indicator to the 

long-term treatment outcome (Upadhyay et al., 1995). 40%  initial in-orthosis 

correction and more may predict significantly higher likelihood of a successful 
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outcome in comparison to the ones with less than 40% (Katz et al., 1997), however it 

should be noted that there should be always a compromise between the level of 

patient’s acceptance, tolerance  and maximum targeted curve correction (Borysov 

and Mogiliantseva, 2016).  

Finite Element Modeling (FEM) was previously implemented to predict the in-

orthosis correction. Correlation between the bending moments acting on apical 

vertebra and the initial in-orthosis correction was reported high in a study conducted 

by Clin et al. (2010b). Referring to the Hueter-Volkmann principle, the correlation 

between coronal immediate in-orthosis and bending moment can represent the 

correlation between the initial in-orthosis correction and long term treatment 

effectiveness of spinal orthosis. Clin et al. (2010a) also generated different virtual 

orthoses and evaluated the immediate correction derived by these huge number of 

orthosis designs (n=12288) while evaluating the most critical parameters in the 

process of simulated orthosis donning on generated models. They introduced the 

most five important design factors as follows: the position of the orthosis opening 

(on back of the orthosis or on the front panel), the tension applied by strap, the 

trochanter extension side, the lordosis configuration and the rigid shell shape. The 

biomechanical simulation models have room for further development and validation 

to predict the orthotic correction in a scale of larger samples in clinical setting (Chan 

et al., 2013). 

 

2.4. Imaging assessment methods of AIS 

Sophisticated imaging techniques may facilitate the assessment of AIS in 3D plane. 

In this section, some of the common imaging methods are introduced.  

2.4.1. Spinal radiography 

Radiographic examination still remains the gold standard for the diagnosis of 

scoliosis. Posteroanterior (PA) and lateral spine radiographs and measurement of 

curvatures using Cobb method are yet accounted as the reference in the process of 

spine assessment. PA X-ray is preferred to antero-posterior (AP) as less radiation 

will be projected to the sensitive organs such as breast and thyroid.  The detrimental 
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effect of high dosage of X-ray radiation and potential cancers rule out the privileges 

of appropriate differentiation the X-ray may induce to the bones in respect to 

adjacent structures (Chan et al., 2013). As a general rule, unnecessary trials of X-ray 

taking in children are highly encouraged to be abandoned.  

The precision of measurements on X-ray radiographs might be affected by 

parameters such as measurement error and positioning of the subjects. With the 

advancement of computer technology, the measurement errors of X-ray have 

diminished within these years as compared to the past when the manual calculation 

was the only available method of curve measurement. Development of digital 

radiographic images are considered advantageous since they can be performed faster, 

provide a database for the storage and comparison of the X-ray measurements within 

the course of treatment (Chen et al., 2011, Stokes and Aronsson, 2006, Zhang et al., 

2010).  

For the measurement of the curves in coronal plane, a central vertical sacral line 

(CVSL) passing through the center of the sacrum is drawn. The distance between 

this line and another vertical line tracing through the C7 vertebra (7
th

 cervical 

vertebra) will determine the trunk listing (coronal balance) to the left or right. In 

general, the apex of each curve is the most distant vertebra from the CVSL with its 

corresponding rotation called Apical Vertebral Rotation (AVR) but usually this will 

not be the most titled vertebrae. The upper and lower end vertebrae in each curve 

(UEV and LEV) define the boundaries of that particular curve. The most common 

and well-accepted method of the curve measurement is the Cobb method in which 

the angle between two lines passing through the superior endplate of the UEV and 

inferior endplate of the LEV determines the magnitude of the curvature (Diab et al., 

1995). As a consensus, observation of changes greater than 5° between two 

consecutive X-ray taken of the same patient indicates a clinical significance for 

detection of curve progression in scoliotic cases (Weinstein et al., 2008).  

Apart from the measurement of Cobb angle in the coronal plane, the vertebral 

rotation is considered as another parameter in the evaluation of the curve progression 

and the treatment outcomes (Di Silvestre et al., 2013). Several methods have been 

utilized to measure the vertebral rotation in X-rays with different approaches on 

either the position of the projected spinous process (Cobb method) or the shadows 
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that pedicles induce relative to the body of the vertebra  (Nash and Moe, Perdriolle, 

Raimondi, Stokes method) (Chan et al., 2014a). It should be highlighted that the 

measurements conducted in X-ray images can only reflect a projected rotation rather 

than the real measurement in the transverse plane. In the Cobb method, the degree of 

rotation is defined according to the position of the spinous process in relation to the 6 

sub-sections of divided vertebral body. The drawback of this method is the 

approximation of the reported rotation rather than a quantified value of rotation. In 

Nash and Moe’s method, the displacement of convex-side pedicle relative to the 

vertebral body facilitates the measurement of vertebral rotation. In Stoke’s method, 

the vertebral rotation could be calculated by localizing the position of the pedicles in 

response to the vertebral body center and measurement of the distance between the 

pedicles and center of vertebral body. The Perdriolle torsiometer is developed to 

measure the degree of vertebral rotation from the center of the pedicle (Figure 2-8). 

This torsionmeter is scaled on 5° increment (Lam et al., 2008). Raimondi is 

considered as another method in which the longitudinal distance of the center of 

pedicle (convex-side) in relation to the vertebral body border and the length of the 

body of vertebra provide parameters which can be associated to a specific level of 

rotation according to the ruler to obtain the value of the rotation (Figure 2-9). As 

depicted in Figure 2-9, the increment of this ruler set to 2° increment in rotation 

(Weiss, 1995).  
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Figure 2-8 Measurement of vertebral rotation; Left: Perdriolle method, Right: Nash ad Moe method 

(Yaman and Dalbayrak, 2014) 

 

 

Figure 2-9  Raimondi Ruler to indicate the degree of vertebral rotation on 2° increment (Defino and 

Araújo, 2004) 

 

X-rays are also used to determine the skeletal maturity of the patients which is an 

indispensable factor in the process of decision making for application of proper 

treatment modality.  The Risser sign is introduced as one of the most common 
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methods to classify the skeletal maturity. The extent of ossification of apophysis of 

the iliac crest from zero to five reveals the stage of skeletal maturity (Bitan et al., 

2005). 

Another new method in determination of bone maturity is the thumb ossification 

composite index (TOCI) which points out the level of ossification of the thumb 

epiphyses as well as the adductor sesamoid. TOCI is classified in a range from 1 to 8 

stages. Hung et al. (2018) reported that this technique has a high reliability and 

excellent accuracy to predict the skeletal maturity and it can be compared with the 

Sanders simplified skeletal maturity system which might be associated with higher 

level of learning-curve problems in a busy clinical setting. However, they found out 

that the validation of this system requires the multicenter studies to include different 

ethnic groups and the evaluation of scoliotic subjects in relation to the normal 

teenagers.  

 

 

2.4.2. Stereoradiography 

To decrease the dosage of radiation taken by the patients as well as develop 3-D 

reconstruction image of the spine, new techniques have been evolved in the process 

of scoliosis assessment. Low-dose stereoradiography (EOS) is defined as a biplanar 

X-ray imaging system to take concurrent X-ray images in PA and lateral view for the 

assessment either in 2-D or in a further process of 3-D reconstruction (see 

Figure 2-10). The dosage for taking EOS for whole length spine might be dropped to 

1/9 of the standard level. By application of some filters (copper versus aluminum) 

even the radiation exposure can be decreased further by five to seven times (Micro 

Dose) as compared to the low dose EOS images. Although the quality of micro dose 

images is lower than the regular ones, yet the 2-D and 3-D measurement of curves 

can be performed with errors in a reasonable range (Newton et al., 2016).  
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Figure 2-10 3-D reconstruction of biplanar X-rays using EOS software (Rehm et al., 2017) 

 

2.4.3. Computerized tomography 

The complete morphological details of vertebral structure can be obtained and 

presented in 3-D model by utilizing the computerized tomography technique (Heo et 

al., 2010). Since the real access to transverse plane is possible in the CT images, the 

vertebral rotation can be measured accurately with proposed methods such as Aaro 

and Dahlborn (Vrtovec et al., 2010). It needs to know that the CT scan cannot be 

taken as a routine clinical practice for the evaluation of the scoliotic cases as the 

level of exposure to ionizing radiation is much higher than the conventional 

radiography. Methods such as Magnetic Resonance imaging (MRI), EOS and 

clinical ultrasound (CUS) might be considered as alternatives to the aforementioned 

method. 

 

2.4.4. Magnetic resonance imaging 

The Magnetic resonance imaging (MRI) technique has the advantage to many other 

methods as they generate high-quality 3-D images of the spinal vertebrae with good 
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contrast and without emitting any radiation. Although different researchers such as 

Schmitz et al. (2001) demonstrated a high reliability of MRI in the assessment of 

scoliosis in 3 anatomical planes, as Abul-Kasim et al. (2010) stated, this system is 

considered expensive and requires a series of acquisitions of axial sequences to 

encircle the region of interest.  In addition, the horizontal lying position of the patient 

into the MRI tunnel eliminates the effect of gravitational forces which might 

underestimate the magnitude of the curve as compared to EOS or standing 

conventional X-rays.  

As compared to these systems, ultrasound has the advantage of low equipment cost 

as well as elimination of ionizing radiation. In the remaining section of this chapter, 

studies related to ultrasound are targeted.  

 

2.5. Ultrasound assessment of AIS 

The application of ultrasound diagnostic imaging in visualization of soft tissue and 

internal organs dates for many years. It has the potential to assess the muscle 

thickness as well as bony-related measurements such as spinal curvature, vertebral 

rotation, bone maturity and condition of bone mineral density in AIS patients. 

Ultrasound waves propagate into the tissues and the returning waves (echoes) will be 

collected by transducer and converted back from mechanical energy to the electrical 

signals. According to the strength of the echoes, cross-sectional images (B-mode 

images) of the scanning tissue will be created on the screen (Li et al., 2015).   

2.5.1. Determination of Skeletal Maturity 

As previously mentioned, the Risser grade is the most common method to identify 

the skeletal maturity. Ultrasound can be regarded as an additional modality to 

conventional X-ray. The reliability and validity of the ultrasound method of Risser 

grading has been compared with the radiographic methods (Torlak et al., 2012, 

Pitlovic et al., 2013).  
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2.5.2. Assessment of the bone quality 

One of the common disorders in patients with AIS is the osteopenia (Akseer et al., 

2015). Bone mineral density of the patients with AIS is usually less than general 

normal population and this reflects more in specific areas in body such as spine, 

calcaneous and neck of femur. By extracting the reflection index (RI) and based on 

the original radio frequency (RF) of ultrasound data, the bone quality at the interface 

of tissue-cortical bone can be measured to determine the status of internal bone 

architecture. The lower the RI, the lower the bone quality will be (Zheng et al., 

2015b, Du et al., 2015, Conversano et al., 2015).  

 

2.5.3. Development of 3-D ultrasound systems 

3-D ultrasound systems comprising B-mode ultrasound machines, GPS tracking 

system and computer programs (for collection and analysis of data) have facilitated 

the representation of the spinal deformity in 3-D configuration (Chen et al., 2011, 

Cheung et al., 2013). A stack of B-mode ultrasound images with their corresponding 

spatial information were used to generate a 3-D model of the spine via a volume 

reconstruction procedure. In general, tracking of the US transducer and indirectly 

targeted landmark can be managed by four approaches (Figure 2-11) using versatile 

positional sensors; they include acoustic positioner, optical positioner, robotic arm 

positioner and magnetic field sensor (Huang and Zeng, 2017). 

In acoustic positioner approach, sound emitters are fixed on the transducer and 

microphones will locate on the patient’s body. The microphone will continuously 

receive the acoustic waves and as a result, the position of the transducer can be 

calculated by accounting for some parameters including the speed of the sound in the 

air, and the position of the microphone. No obstacles should be placed between the 

emitter and the microphone to increase the quality of received signals.  

Optical positioners include passive or active markers fixed on the probe and at least 

two cameras to monitor the makers. Alternatively, the depth cameras can be utilized 

to calculate the orientation of the probe in reference to the objects in the environment 

of the scanning. 
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Robotic arm positioners can be mounted to the transducers to facilitate the free 

movement of the transducer in the space. There are potentiometers embedded in the 

articulated joints which track the position of the arm repeatedly. Improvement of the 

accuracy in these positioners can be obtained by choosing the shorter arm but at the 

expense of smaller range of view. 

Magnetic field sensors comprise of a magnetic transmitter positioned adjacent to the 

patient and a receiver mounted on the transducer. Upon receiving the information 

attributed to the magnetic field in three orthogonal directions, the orientation and 

position of the transducer is calculated. Drawback of this positioner is the 

electromagnetic interference that metallic objects may induce and it may result in the 

distortion of the images. 

 

Figure 2-11 Four types of positioner sensors: (a) acoustic,  (b) optical, (c) magnetic field, (d) articulated 

arm (Huang and Zeng, 2017) 

 

Optical markers were utilized in the study of Purnama et al. (2010) with the 

advantage of no interference from the adjacent metallic or electronic objects; but the 

drawback of using optic markers could arise from the varying position of these 

markers in response to the vertebral landmarks and this may lead to some errors in 

the extracted 3-D data of scoliotic spine. On the other hand, in the electromagnetic 

tracking system, a spatial sensor is mounted onto the ultrasound transducer and an 

electromagnetic spatial sensing device tracks the coordination of the probe during 

the scanning process (Cheung et al., 2013).  
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The feasibility of using 3-D ultrasound system in reconstruction of the 3-D surface 

of the posterior arch of the vertebrae, as well as in-vivo and in-vitro studies has been 

established (Cheung et al., 2015b, Chen et al., 2013, Chen et al., 2016, Zheng et al., 

2016b, Zhou and Zheng, 2015). Yet, there are some limitations in the 3-D ultrasound 

systems. As the ultrasound wave cannot penetrate through the bony structure, any 

information beyond the surface of posterior arch cannot be captured or evaluated. 

This means no information on pedicles and vertebral body can be captured. As it is 

depicted in Figure 2-12, the landmarks that can be outlined and used to quantify the 

coronal curvature and the vertebral rotation in the ultrasound image include spinous 

process, laminae and the transverse process (Ungi et al., 2014). Another limitation of 

the ultrasound system is associated with the high degree of axial rotation where the 

spinous process might block the ultrasound waves reaching to the lamina on one side 

if the rotation of the vertebra is severe.  The developed 3-D ultrasound system is yet 

dependent on operator’s judgment to manually (or in some cases automatically) 

identify the targeted landmarks of the vertebrae on volume reconstructed model. 

Zheng et al. (2018a) recently indicated that as compared to radiographs, there is 

always chance of missing curve in ultrasound images mainly caused by small 

severity and located in the upper spinal region. 

 

Figure 2-12 Selection of vertebral landmarks in axial view of an ultrasound image (Chen et al., 2012) 

 

Suzuki et al. (1989) were the pioneer team to apply the ultrasound system and 

measure the vertebral rotation in 47 patients with AIS. Referring to the inclination of 

vertebrae in X-ray film, the inclination of each vertebra was marked on the patient’s 

trunk surface. Since then, an inclinometer mounted onto the ultrasound probe was 
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used to measure the AVR. This study showed that the spinous process and laminae 

are feasible and detectable landmarks in the ultrasound images and they can be used 

to measure the AVR.  

A phantom study conducted by Chen et al. (2013), delineated the feasibility of US 

system in identification of bony landmarks and measurement of spinal curvature. A 

measurement method was introduced in their study by definition of an angle formed 

between two lines passing the center of laminae (COL) of the two most tilted 

vertebrae on extreme boundaries of each curve as UEV and LEV. High intra and 

inter-rate reliabilities were observed in ultrasound assessment of the curvature while 

using the COL method (ICCs > 0.88, p < 0.05).  

Reliability and validity of the US measurement was further investigated by Wang et 

al. (2015) through the comparison of the values to the MRI measurements as 

reference. By including 30 curves, high intra and inter-rated reliabilities (ICCs > 0.9, 

p < 0.05) were found while there was no significant difference observed when 

comparing the Cobb method with COL. Another validity study was conducted by Li 

et al. (2015) where they found a strong correlation (ICC> 0.9, p < 0.01) between the 

Cobb angle and the spinous process angle (SPA) to approximate the Cobb angle.  

Cheung et al. (2015a) undertook a comparison study between the US derived 

measurement (by using transverse process and spinous process) and the X-ray Cobb 

angle. It was found that US method and the X-ray have a good linear correlation 

(R
2
= .86, p < 0.001) to measure the Cobb angle. 

With the aid of previous X-rays, the accuracy of the US measurement could be 

further enhanced. Young et al. (2015) superimposed the X-ray over US image while 

assumed to match the pedicle in X-ray with lamina on ultrasound. The measurement 

of US images in this interpolated method increased the agreement between US and 

X-ray (R
2
= .90, Mean Absolute Difference (MAD) = 2.8

◦
. Since last pair of ribs on 

X-ray indicated the T12 level in US, the accuracy of detection of end vertebra in US 

measurement improved as well. 

Different methods currently used in the measurement of US coronal images are 

illustrated in Figure 2-13. 
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Figure 2-13 Different methods of coronal curve measurement in US images, left to right: Spinous Process 

Angle (SPA) (Li et al., 2015), Center of Lamina (COL) (Zheng et al., 2015a), Volume Projection Imaging 

Spinous Process and Transverse Process (VPI-SP and VPI-TP) (Cheung et al., 2015b), and Transverse 

Process Imaging Angle (TxA) (Ungi et al., 2014) 

 

2.5.4. Application of US in Assessment of Flexibility 

Spinal flexibility plays a key role in application of the appropriate clinical protocol 

in the process of treatment of AIS patients. More flexible curves tend to be corrected 

more effectively. Nevertheless and as a general practice, bending X-rays are not 

taken for the orthotic candidates to prevent further radiation exposure to the patient. 

As so, the US has the potential to be utilized and measure the flexibility of the curves 

as shown in Figure 2-14. He et al. (2017) conducted a study to evaluate which 

position may predict the in-orthosis correction. Using ultrasound techniques, the 

spinal flexibility of 35 patients with AIS in 4 different positions of prone, supine, 

sitting with lateral bending and prone with lateral bending was evaluated. They 

postulated the prone position (with correlation coefficient of r = 0.75) as the most 

correlated posture in prediction of the initial in-orthosis which might be helpful to 

the clinicians in choosing the appropriate strategy. The intra and inter-rater 

reliabilities of the US flexibility measurement were evaluated in a work published by 

Lou et al. (2018), Khodaei et al. (2018). No significant difference was observed 

between two raters.  
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Figure 2-14 Assessment of flexibility in prone side bending in one the cases recruited in the current study 

 

2.5.5. Application of US in Fitting of Spinal Orthosis 

As US is a non-detrimental modality with no risk of radiation, it can repeatedly and 

continuously monitor the changes induce in the spine curvature through the non-

invasive methods. 

 Li et al. (2012) studied on potential effect that US imaging may provide to the 

orthotists in selection of the optimum location of the pressure pad resulting in in-

orthosis correction of the spine. The optimal location of the pressure pad in thoracic 

region was chosen between different configurations to identify the location of best 

curve correction by comparing the pre-orthosis SPA and in-orthosis X-ray. In-

orthosis ultrasound measurement was conducted in this study as it is shown in 

Figure 2-15. Ultrasound measurement was helpful and beneficial to 61.9% of the 

patients which indicated the potential of US imaging in the process of spinal orthosis 

fitting to improve the effectiveness of the conservative treatment. 
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Figure 2-15 In-orthosis US assessment with the aids of the fixtures (Li et al., 2012)  

 

The quality of orthosis design impacts the in-orthosis correction. Real-time 

reproducible characteristics of US was implemented in another orthotic study by Lou 

et al. (2017) in which they assisted the orthotists in designing the orthosis through 

the optimal simulated in-orthosis correction. 34 AIS patients were assigned into two 

groups of test and control. Subjects in the test group (ultrasound-assisted fitting 

protocol) were fitted in standing Providence orthosis design while US system and 

pressure measurement system altogether monitored the subject to achieve the 

optimum correction during the plaster of Paris casting session. Comparison of in-

orthosis correction was significantly different between two groups (p = 0.02). The 

referral chance of subjects in test group for the orthosis adjustment and in-orthosis 

radiograph decreased.  

The time dependent response of scoliosis to the spinal orthosis was investigated in a 

study conducted by Koo et al. (2014). The time to reach to pre-treatment curve and 

the time to reach to the maximum correction were evaluated in two groups of doff-

orthosis and don-orthosis respectively in a sequence of 30-minute intervals up to 3 

hours. A time gap was observed between the application of spinal orthosis and the 

occurrence of curve correction on scoliosis curvature. The significance of this study 
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for the orthotic treatment is that the time to obtain the in-orthosis X-ray should be 

postponed up to two hours after the donning of the orthosis since before that the 

spine may not have reached to the maximum level of correction that the orthosis 

could provide. 

 

2.5.6. Other application of ultrasound assessment 

The potential of US assessment in school screening has been emphasized by research 

of Zheng et al. (2018b). They were interested to investigate the threshold of the 

curve difference on US measurement in comparison to the previous X-ray 

measurement to identify the curve progression. Their results revealed a strong level 

of sensitivity and specificity for the threshold level of 4° and 5°; therefore, the 

number of X-ray obtaining for the subjects of this study dropped by 73 and 79%, 

respectively. 

Recently another potential application for US was introduced and implemented in a s 

study done by Trac et al. (2019). Cobb angle is only a 2D representation of the spine, 

while the scoliosis is a complex 3D deformity. The concept of the plane of maximum 

curvature (PMC) is referred to a vertical plane rotated around the gravitational axis. 

Then the Cobb angle in the rotated plane could be calculated and any plane with 

maximum Cobb angle would be considered as PMC. In this study, intra- and inter-

rater reliability of Cobb angle measurement in the PMC was evaluated on 101 

children with AIS. The values of reliability were all greater than 0.9. Although the 

authors advocate and underscored the reliability of PMC Cobb measurement, the 

validity of PMC Cobb angle yet requires further studies and a wider range of Cobb 

angle. 

 

2.6.  Summary 

This literature review aimed to provide a wider spectrum to the readers by 

introducing the spine, AIS, imaging modalities, in-orthosis correction as a crucial 

factor to predict the long term effectiveness of orthotic treatment, and related up-to-

date papers on application of US system in scoliosis deformity. Although the surface 
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assessment of the spine was not discussed here, aesthetics is always a key concern 

for the AIS patients and their parents and it can be assessed through the trunk 

symmetry scales, surface topography or even the 2D photography with surface 

markers. Although the surface topography allows the detection of curve progression 

by taking advantage from the surface topography parameters such as 

decompensation, trunk rotation and lordosis angle, the potential of surface 

topography to replace the Cobb angle method would be quite low. It is because the 

surface topography and X-ray imaging do not measure the same feature of 

deformity.  As an assessment system, the application of US has some advantages and 

shortcomings and it deals with some technical limitations due to the physical 

properties of US waves. After looking through the literature, there are still some gaps 

regarding the optimum arrangement of pressure pads in orthotic treatment and an 

imaging method with no radiation would be considered as a modality for guidance of 

the orthotic fitting. It seems that the repetitive application of US to the spine while 

no radiation hazard threatens the patient, would provide further areas of applicability 

in the future. In most related study on application of US in orthotic management of 

scoliotic subjects, Lou et al. (2017) took casting of patient’s trunk upon confirmation 

of US curve correction. However the patients in that study needed to leave the frame 

while their trunk being wrapped by plaster and were relocated into the modified 

Providence frame before the plaster gets dried. To decrease the subject’s postural 

and positional change inside the frame throughout the assessment session, we used 

an integrated system including the CAD/CAM, US and purpose-design frame in this 

study to probably facilitate the process in a more accurate method. 

In next chapter, the details of methodology, subject recruitment, data collection and 

method of analysis are discussed. 
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3. CHAPTER 3: METHODOLOGY 

This chapter aims to provide the details on design, development and evaluation of a 

combined method of orthotic treatment by using a purpose-design assessment frame, 

clinical ultrasound system and the CAD/CAM method. As the flow of this study, the 

development and the steps were taken for the feasibility test of the frame is stated 

first and in the following sections, the process of subject evaluation in this study 

study is highlighted.  

3.1. Development of Assessment Frame 

The initial idea for the assessment frame was sketched out in the first step (see 

Figure 3-1). After some amendment, the process of designing the components 

started. Since the electromagnetic field of the ultrasound system could be interfered 

by ferric materials, it was decided to use aluminum profiles for the vertical pillars as 

well as horizontal bars. By application of oblique bars to the base of frame in ground 

level, and selection of the bars in appropriate size (40 X 40 mm) and strength, the 

whole frame turned into a reinforced stable structure not being shaken during the 

experiment. Actuators, pads and screws were all chosen from variety of plastic 

materials including the nylon, polypropylene, acrylic and polycarbonate to tackle the 

negative interference of ferric material as similar to the rationale for the frame bars 

and pillars. 

 

Figure 3-1 Initial design of the assessment frame 
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The completed frame included a seating platform for the subject to redistribute part 

of his or her weight while sitting inside the frame. Hand grips were designed to 

improve the stability of the subject inside the frame and decrease the sway in AP 

direction. Ball and socket joints and the special design of grid of holes and slots on 

actuators and plastic linkage bars facilitated a full range of freedom for the 

application of forces to the patient’s trunk in any required direction and orientation. 

The pads could apply pressure or act as counterforce points to stabilize the trunk and 

pelvis. In order to test the feasibility of the frame, 4 healthy subjects (in terms of 

spinal deformities) with different body mass index (BMI) values were recruited and 

fitted inside the frame. Subjects were requested to hold the hand grips and look 

forward during the test. In order to improve the stability of the pelvis, an adjustable 

cross horizontal bar at the level of pelvis was incorporated. This sitting position 

helped the subjects to bear some portion of their weight on seating platform. As 

compared to the standing, this position was more convenient since such an 

arrangement could potentially prevent the subjects getting tired throughout the whole 

session of measurement. At the same time, this bar facilitated the pelvic anterior tilt 

to be controlled more effectively as illustrated in Figure 3-2. 

 

Figure 3-2 Evaluation of the assessment frame by fitting subjects with normal spine inside the frame 
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At next step, the feasibility of the frame was evaluated on a scoliotic subject. A 

double-curve scoliotic male subject with a major thoracic and lumbar curve of 23° 

and 20° was fitted into the purpose designed frame. Before the experiment, the 

flexibility of his curvature was evaluated by visual inspection while he was bending 

to the left and right in the prone position. For the purpose of visualization, reflective 

markers were adhered to the spinous processes of each vertebra (from C7 to L5) and 

in accordance with the subject’s latest obtained X-ray.  The original position of 

markers and approximate angles the curves formed were captured by video camera. 

Then the corrective forces were applied to the trunk by adjustment of the pads in the 

corresponding region of the thoracic and lumbar curves. As shown in Figure 3-3, the 

response of the trunk to the corrective forces was investigated through the change of 

the curves represented by new arrangement of reflective markers and the underlying 

curves. The observed changes in the curve magnitude before and after the 

application of corrective forces revealed that the frame, actuators and the pads have 

the potential to be implemented in the clinical settings with real objective method to 

monitor the curve change rather than using the reflective markers. 

 

Figure 3-3 Experiment on application of corrective force on thoracic and lumbar scoliotic curve visualized 

by reflective markers 
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3.2. Pressure System 

An updated version of pressure monitor- regulator system developed by Chalmers et 

al. (2012) was utilized in this study. Each unit included following items: inflatable 

air bladder to apply the pressure to the trunk, an electronic pump (micro motor) and 

miniature pneumatic solenoid valve to control the pads air pressure, a piezo-resistive 

silicone pressure sensor to detect the level of pressure, an electronic microcontroller, 

Bluetooth system, and memory chips. The first version of this pressure system could 

be controlled by a computer software interface via a dongle and Bluetooth 

connection. Each unit package could control up to three bladders independently but 

through the same electronic board and interface. 

The inflatable air bladders were custom designed to follow the slope of the 

corrective pads in the assessment frame. The material chosen for the design of the 

bladder was the room temperature vulcanizing Silicone (RTV). The proper test was 

conducted to assure no leakage in the custom-made bladders exists (see Figure 3-4).  

 

Figure 3-4 Custom made silicone air bladders connected to pressure regulatory system in leakage 

evaluation test  

 

Later, in the upgraded version, the units were individually housed in an enclosure 

box and were able to be controlled via a mobile phone application which was more 

convenient than the original version without need for the dongle due to the 

compatibility of Bluetooth systems in units and mobile phones. Furthermore, an 

inertial measurement unit (IMU), a combination of accelerometer and gyroscope was 

added to the pressure system to facilitate the obtaining of pressure pad orientation 
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(Figure 3-5). The coordination is attributed to the data set in x, y and z axis. The 

information in x axis serves to indicate the rotation of the pressure box (and the 

underlying pad and bladder) in a plane between the coronal and sagittal. The value in 

Y axis is linked to the information of the unit on the degree in which the unit has 

been twisted either upward or downward as compared to the vertical position. The 

least contributing aspect to this study was the data in z-axis where it reflects the 

rotation of the pressure unit around its own axis. As we attached the pressure units in 

specific place and direction to the underlying plastic pads, the data in z axis may not 

enhance any clinical information to the values in x and y plane, as the attributes of 

global coordination system, x, y and z data were collected. 

 

Figure 3-5 application of pressure unit on torso while it is enhanced with accelerometer and gyroscope 

 

The real-time pressure value could be monitored on the screen of mobile phone in 

real-time status and in mmHg unit.  By defining a zone for the targeted pressure, the 

regulatory system could sense the pressure value and if it suddenly fell offset, the 

valves and pumps took command from the controller and inflated or deflated the 

bladder according to the level of pressure. The developed software could record the 

magnitude of the real-time pressure with sampling rate of 2 reading per second as 

well as the 3-D coordinates of pressure system box. It is worth noting that the 

calibration of coordination system should be conducted in each experiment by 

placing the unit on an even flat surface as reference for the calculation of global x, y, 

and z directions. In practice, the values regarding the pitch (adjustment of the pad in 

up and down direction) as well as roll (rotation of the pad between the sagittal and 
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control plane) were interesting to this study and the values of rotation around the z-

axis (yaw) was not kept into the consideration. The interface of the developed 

software is shown in Figure 3-6. 

In addition to the silicone bladder, disposable inflatable blood pressure cuffs were 

trimmed and customized to accommodate the pads in the assessment frame. The high 

frequency welding machine was used to customize the shape of bladders. Similar to 

the silicone pads, the leakage test was conducted on customized pressure cuffs (see 

Figure 3-7).  

 

Figure 3-6 the software to control the pressure/orientation system 

 

 

Figure 3-7 disposable customized air bladders 
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3.3. 3-D Ultrasound System 

Ultrasound images were obtained by using the Sonix TABLET system including a 

128-element, 6 cm width transducer which operates at the frequency range of 2 to 5 

MHz and a SonixGPS system (Analogic Ultrasound - BK Medical, Peabody, 

Massachusetts, USA). SonixGPS is an electromagnetic field transmitter which 

facilitates the acquisition of the position and orientation of the transducer during the 

process of ultrasound scanning. This information is later used to create the 3-D 

reconstructed model of spine as the stack of B-mode images need to be associated 

with a coordination data to form the whole spine. The transducer and the scanning 

object (the posterior contour of subject’s trunk) needs to be close to the transmitter to 

facilitate the detection of strong signal pre-required for collection of error-free 

coordination data. The GPS transmitter and the range of best signal for detection and 

collection of orientation data are shown in Figure 3-8. 

 

Figure 3-8 GPS transmitter and its corresponding zone to detect the best signal 

(https://pdf.medicalexpo.com/pdf/analogic/sonixgps-technical/70402-64745.html) 

   

The Ultrasonix program is the built-in software in these machines in which the 

operator is able to tune the parameters before and during the scanning. To keep it 

aligned with the previous  literature (Khodaei et al., 2018), the parameters of 

scanning were chosen as follows: frequency 2.5 MHz, penetration depth 6 cm (in 

case of obese subjects, it could increase to 7cm to compensate the fat tissue), gain 

15%, and linear time gain compensation (TGC) to improve the intensity of the B-

mode images. Figure 3-9 shows the ultrasound settings of related parameters chosen 

for conducting this study and the components of ultrasound machine are illustrated in 

Figure 3-10.  

https://pdf.medicalexpo.com/pdf/analogic/sonixgps-technical/70402-64745.html


39 

 

 

Figure 3-9 settings of the parameters in ultrasound machine 

A purpose-design software (UlteriusEx) was utilized to be synchronized with the 

original software embedded in the machine (Ultrasonix) to facilitate the process of 

ultrasound data recording as well as the collection of coordination and RF data. 

Then, these captured stack of B-mode frames associated with the coordination data 

were exported to another MATLAB-based in-house software (MIAS 3D) to 

reconstruct the images. The operator needed to define the region of interest (ROI) 

and the software removed the unnecessary information outside that selected box. 

After the application of some filters and reduction of the level of noise, voxel-based 

method was implemented to render the volume. Once the whole spine was 

reconstructed, the operator could identify the spine in specific level in the 

reconstructed image in the coronal plane which is usually the hyper-echoic points 

alongside the spine dark canal in the coronal plane image representing the pair of 

laminae in each vertebra level. Then, the corresponding image in the transverse plane 

window emerged and the highlighted points in the coronal plane were able to be 

further tuned in this transverse plane to relocate at center of lamina in each vertebra 

level. The posterior components of the vertebrae form a wide W-shape image which 

can be quite helpful to the examiners; unlike the spinous process which basically is  

placed in the middle peak of W-shape, the center of left and right side laminae tend 

to be located in the valleys of that alphabetic-resemble shape. In this system, the 

simultaneous evaluation of the image in coronal and transverse plane (as well as 

sagittal) could facilitate the measurement of US proxy Cobb as well as AVR. The 

interface of MIAS 3D software, a reconstructed spine and B-mode image at T7 

vertebra level and corresponding landmarks are illustrated in Figure 3-11. 
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Figure 3-10 ULTRASONIX TABLET ultrasound machine with magnetic transmitter (left), transducer 

with embedded GPS receiver (right)  

(https://www.bkmedical.com/) 

 

 

Figure 3-11 The interface of  MIAS 3D software, reconstructed spine in coronal plane, and corresponding 

transverse plane image , a typical schematic vertebra is placed below the image in the transverse plane for 

the visualization purpose. 

A custom design silicon phantom (cap) made from the silicone with the shore 

hardness of 5 (which is basically close to the softness of human skin) was developed 

to increase the contact area of the transducer with the trunk in case of severe rib 

hump.  

3.4. Development of spinal phantom model 

To evaluate the accuracy of 3-D US system in quantification of spinal curvature, a 

phantom study was conducted. A scoliotic phantom model from C6 to Sacrum with a 

https://www.bkmedical.com/
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typical curve configuration in spinal orthotic department in configuration of right 

thoracic curve (UEV: T3, LEV: T12 and apex T8-T9) and left lumbar one (UEV: L1, 

LEV: L5 and apex L3) was developed while the ribs were included in this phantom 

to approximate the real spine and thorax. The model was not directly taken from any 

patient’s CT scan and it was made of plastic materials; the model was fixed inside an 

enclosure box to prevent any change in the designated curves during the conduction 

of different tests. Prior to the application of US, the location of spinous process and 

transverse process at each vertebra was marked. Then, the precision stylus of a 

magnetic digitizer used to record and translates the 3-D coordinates of the spinous 

process and transverse process from C7 to L5 into the computer for the purpose of 

comparison between different measurement modalities (Figure 3-12). After that, the 

conventional X-ray in PA and lateral view and EOS imaging were obtained to 

provide a reference for the comparison of digitizer data with the 3-D US.  

Once these tests completed, the box was filled with the silicone to encapsulate the 

spine model in preparation for the US tests. The silicone has approximately similar 

acoustic properties to the water and at the same time, it makes the model more 

convenient for the US tests either in standing (vertical) or prone (horizontal) position 

since the set silicone will not flow out of the box.  

 

 

Figure 3-12 Recording the coordinates of bony landmarks by magnetic digitizer 
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In the next step, 2 operators did the US scanning, each of them three times on 

phantom model to compare the measurement and scanning, as illustrated in 

Figure 3-13 . The model provided the detailed clear landmarks since the silicon did 

not refract the penetrating ultrasound waves, with better image quality and less blurs. 

 

Figure 3-13 US scanning of the spine phantom model 

The obtained images from the EOS system, traditional plain X-ray and US are shown 

in Figure 3-14. 

 

Figure 3-14 the curves of the spine phantom model in the coronal plane in 3 imaging modalities of EOS, 

plain radiography and US (left to right) 
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3.5. Development of CAD/CAM systems 

After development and evaluation of the assessment frame and testing the US system 

on spine phantom, the third element of this combined ultrasound-guided orthotic 

treatment was investigated. There are numerous CAD/CAM systems available in the 

market (Shah and Luximon, 2017) and some are widely used in the prosthetics and 

orthotics industry (Armitage et al., 2018) as well. Each CAD/CAM system in general 

includes three components. The first component is the digitizer (scanner) that 

transposes the information of the body into a digital format. Second part of the 

CAD/CAM system is the computer interface where the digital file is visualized, 

saved and rectified. The third element of this system is the milling machine (a 

computer numeric controlled lathe) that carves the model from the polyurethane 

foam blocks according to the virtual modified model of the limb shape. Recently, 

there has been another option proposed to replace the carver machine and that is the 

direct 3-D printing of the orthosis superimposed and visualized on the rectified 

virtual model to decrease the waste and dust pollution that the carver machine may 

produce and decrease the total hours of the orthosis fabrication since no 

thermoforming procedure would be required.   

The biggest advantage of CAD systems including the optical scanners is the potential 

of these systems to visualize, store and monitor the geometric parameters of the 

object. The application of CAD/CAM system has been shown to decrease the total 

working hours of orthotic fabrication by more than 2.5 hours as compared to the 

conventional plaster casting method (Wong, 2011).  

ScanGogh II (Vorum, Vancouver, Canada) is one of the laser-source available 

scanners and currently used in the center where the project was conducted; however 

the electromagnetic reference markers in this system might be affected by metallic 

components of the frame and at the same time, it may interfere with the 

electromagnetic field of GPS transmitter in the ultrasound machine; therefore, efforts 

were put to substitute another scanner as an alternative for the scanning of potential 

subjects in the next phase of study.  

Spectra (Vorum, Vancouver, Canada) was considered as the first option to replace 

the ScanGogh in this study, however, this blue-light scanner is more user friendly 
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and accurate (up to 0.1 mm) if there are no hurdles around the object to block the 

scanning path. Since the assessment frame included various actuators and pads, 

another portable and accurate scanner was required to be deployed.  

Structure sensor (Occipital, California, USA) is a scanner compatible with mobile 

phones and mounts onto the iPad phones. This scanner uses the structured light 

sensors to capture the depth information and RGB camera of the mobile phone to 

detect the colors. It uses the infrared projector and camera to record the changes of 

the pattern in attempt to generate the geometry. By application of some complex 

algorithms, these captured data will transform into a 3-D model.  According to the 

company’s fact sheet, the following technical specifications are declared: depth 

sensing range between 40 centimeters to 3.5 meters, frame rate between 30 and 60 

frames per second, and the precision 1% of the measured distance. 

3.5.1. Comparison Test of Scanners 

Before using the Structure sensor on patients, a comparison test between three 

aforementioned scanners was conducted while two operators used three types of 

scanners and by localizing some landmarks on certain locations in mannequin model, 

the scanning was completed (Figure 3-15). The position of the model as well as the 

lighting condition of the room was fixed and steady during the test of all 3 scanners 

and the reference landmarks had been indicated on model for the consistency of 

perimeter, AP diameter, lateral diameter as well as distance measurement which 

were going to be processed in the next step. Then, all scans were exported to unique 

CAD/CAM software, i.e., CANFIT (Vorum, Vancouver, Canada) to evaluate the 

consistency of the measurements amongst three different scanners and under the 

identical software. A manual measurement (caliper and tape measurement) was 

added as a routine reference clinical measurement which is deployed in all centers 

around the world. (See Figure 3-16). 
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Figure 3-15 Comparison test of three scanners on a model, ScanGogh, Spectra, Structure Sensor (left to 

right) 

 

 

Figure 3-16 Anthropometric measurement on model (perimeter, ML, and AP) 

 

Figure 3-17 and Figure 3-18 illustrate the application of markers on individual levels 

and the detection of those markers in the scanned file in order to increase the 

accuracy and consistency of measurements across three scanners. 

After completion of comparison among the three scanners, the Structure sensor 

scanner was chosen to capture the trunk geometry of the subjects in this study.  
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Figure 3-17 Anthropometric measurements according to the specific landmarks 

 

Figure 3-18 Markers affixed to the models represented in the captured files 

 

3.6. Ultrasound-guided orthotic design study 

After the establishment of sub-components of US system, CAD/CAM and 

assessment frame, the feasibility of combined augmented design in the orthotic 

treatment of AIS subjects was evaluated. This study was conducted in two phases; in 

phase one, a more flexible recruitment plan was chosen; As such, limited number of 

adolescents with relatively (Risser sign 3 or 4) higher levels of skeletal maturity 

were recruited, as well. This strategy could decrease the risk of curve progression 

and potential side-effects of newly deployed method as these subjects had already 

surpassed the growth spurt. At the same time, the feasibility of the system could be 
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further enhanced since these teenagers had the experience of wearing the previous 

orthoses and could provide feedback to the research team during the experiment.  

3.6.1. Subjects for the preliminary phase of the study 

The subject selection criteria were as follows:  

1) female and male subjects with diagnosed AIS after detailed clinical and 

radiological evaluation by an experienced orthopedic surgeon  

2) age 10 to 16 years  

3) Risser 0 to 4 

4) no prior surgical treatment 

5) Major curve magnitude 20° to 45° 

6) either first-time rigid orthotic user of the cases referred for the orthosis 

renewal  

3.6.2. Subjects for the main phase of the study 

The subject selection criteria for the main phase of the study were as follows and in 

partial agreement with  SOSORT and SRS (Knott et al., 2014):  

1) Female and male subjects with diagnosed AIS after detailed clinical and 

radiological evaluation by an experienced orthopedic surgeon  

2) Age 10 to 16 years 

3) Risser 0 to 2 (skeletally immature) 

4) No prior surgical or orthotic treatment 

5) Major curve magnitude 20° to 45° 

6) Rigid orthotic treatment for the scoliosis is newly prescribed 

7) Either in pre-menarche or less than 2 years post-menarche condition (in 

female cases) 

The cases were excluded if they had any associated musculoskeletal, neurological or 

other conditions that might be related to the formation of the curvature; also the 

subjects with physical or mental disability were not recruited as they would not able 

to comply with the adherence to the orthotic protocol. In addition, cases with the 

history of surgery in spine or the surgery in any other organ which had resulted in 

incorporation of metal plates into the body were not recruited. Later, all cases for 
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both phases lumped together to form the two arms of the comprehensive study to 

fulfill the requirement for the sample size. 

Based on a power analysis using the G*Power software (Kiel, Germany), and by 

consideration of mean and standard deviation in previous studies and conducting the 

pilot test, the effect size of d= 0.8 (relatively large effect) was calculated to include 

the “A priori” type of power analysis. By consideration of assumptions of α error 

probability at the significance level of 0.05 for a two-tailed t-test and statistical 

power (1-β) =0.8 and the allocation ratio of two groups for 1.6:1, the sample size of 

groups were calculated as 21 and 33 for test and control group, respectively. 

A total number of 63 consecutive orthosis candidate subjects diagnosed with AIS 

(and met the inclusion criteria) were recruited in a prospective non-randomized 

controlled trial study design assigned into one of the two arms of study either in 

control (39 subjects) or test group (24 subjects) according to their preference on 

treatment protocol. All orthoses in both groups were designed in the prosthetics and 

orthotics department in Prince of Wales hospital, Hong Kong. No drop-out cases was 

experienced in either group as the patients and their families followed their 

appointments on orthosis casting, fitting and follow up session.  The subjects in 

control group received the Hong Kong orthosis designed and fabricated in the 

conventional method of the clinics routine practice; on the contrary, the subjects in 

the test group underwent an ultrasound-guided method to receive their Hong Kong 

orthosis.  

The human subject ethical approval was obtained from the Human Subjects Ethics 

Sub-committee of the Hong Kong Polytechnic University and the Clinical Research 

Ethics Committee of the Joint Chinese University of Hong Kong-New Territories 

East Cluster.  

3.6.3. Study Design 

Potential subjects were introduced to this project and were requested to participate in 

either of two groups per their preference. Before the experiment, the purpose of the 

whole procedure of this study as well as the timeframes were explained to the 

subjects and their parents (guardians), and a written consent form was taken from 

both parties as an indicator of their agreement on participation. A local (Cantonese) 
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language-spoken female helper assisted in the process of data collection for the sake 

of subjects’ convenience in terms of potential language barrier and embarrassment of 

young female subjects. Parents observed the whole procedure of the experiment and 

the privacy of the patient during the procedure of the experiment and cloths changing 

were safeguarded. All subjects were prescribed by a full-time (≥23 hours/day) Hong 

Kong orthosis treatment and the only difference was associated with the process of 

orthosis casting on whether the subject’s orthosis was measured in the integrated 

assessment frame or through the common practice of measurement. The subjects and 

their parents were allowed to exit and discontinue their involvement in this study at 

any time point; if happens, yet the patient’s curves would be monitored and no 

interruption or hurdle to his or her orthosis treatment was imposed as the treatment 

of subjects were always in the first priority.  

Radiographs of standard standing spine in PA and lateral view (EOS system) as well 

as hand X-rays (for the measurement of TOCI grade) were taken in both groups in 3 

time sequence clinics; first visit (orthosis casting or baseline), first in-orthosis 

radiography visit, and follow-up out-of-orthosis radiography visit. All X-ray digital 

files included the real-size scale calibration measurement which served as the 

guideline for the precise measurement of radiographic parameters where the length 

values were required. The same principles were applied to the demographic data of 

subjects in both groups (sex, age, height, weight). Compliance of the subject was 

recorded in the second aforementioned visit in which the patient had already passed 

the adaptation period following the orthosis fitting and was referred to radiography 

department to take the first in-orthosis X-ray. The simplified flowchart of the study 

categorizes the actions need to be taken in different steps of this study (Appendix E). 

Ultrasound and X-ray parameters including the coronal plane Cobb angle, coronal 

balance, sagittal balance, thoracic kyphosis, lumbar lordosis, clavicle angle, apical 

vertebral distance and vertebral rotation were measured twice, with a time gap of 1 

week by researcher using the in-house program (MIAS 3D) and Digimizer software 

(Ostend, Belgium). X-ray coronal Cobb angles were later double confirmed with the 

available measurements of those cases carried out by orthopedic surgeons available 

in database to prevent any inconsistency regarding the definition of the curve 

boundaries (UEV and LEV and apices) however for the magnitude of the curves, the 

values calculated by the rater were chosen for the future statistical analysis. Then, 
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the measurements were recorded in the list in an anonymous recoded format to 

protect the subject’s privacy and keep the rater blinded from the result. The data 

were the average value of 2 measurements for each case in a round digit format. 

Measurement of AVR was interrogated according to the Raimondi ruler to measure 

the distance of pedicle center to the border of vertebra and another parameter as the 

width of the vertebra body. Then these 2 values were transferred to the ruler to read 

the magnitude of vertebral rotation in an increment of 2 degrees (Figure 3-19). 

Figure 3-20 shows an example where the width of vertebral body in one of the cases 

was measured at 37 mm, the distance of center of pedicle in convex side to the edge 

of vertebra was 6 mm and eventually the rotation was calculated at 10°. 

 

Figure 3-19 Measurement of AVR in X-ray using Raimondi method 

 

 

Figure 3-20 Raimondi ruler, an example case with 10 degree of rotation 

 

As suggested by Chalmers et al. (2015), the outcome measure of in-orthosis 

correction could be calculated as the percentage of the Cobb angle correction 

associated to the treated curve as follows: 
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The value of in-orthosis correction was settled as 0% or 100% in case of observed 

values with <0% or >100%, respectively. 

Compliance was accounted for the duration of orthosis wearing (in terms of hours) 

relative to the prescribed hours of wearing time per day. Compliance in this study 

was measured subjectively and according to the subjects and parents report on 

average hours of adherence to orthosis. Percentage of compliance is defined as: 

                         
                         

  
       

The balance in coronal and sagittal planes were measured by choosing the specific 

bony landmarks on each radiograph followed by the evaluation of particular 

distances as shown in Figure 3-21. The sagittal balance determines whether the 

stresses pass through the axial skeleton in a normal distribution or not. For 

assessment of the sagittal balance, when the horizontal distance between the C7 

plumb line and the vertical line passing through the superior posterior corner of the 

S1 surpasses 20 mm anteriorly or posteriorly, it is considered as a positive (anterior) 

sagittal imbalance or negative (posterior) sagittal imbalance, respectively. Coronal 

imbalance is defined by the horizontal distance between the C7 plumb line (passing 

through the center of C7 or T1) and the central sacral vertical line (CSVL). Coronal 

balance has paramount importance as it indicates whether the upper spine is well 

located on the lower part or it has been shifted to either left or right side (Seo et al., 

2018, Gomez et al., 2014). 

The position of the C7 plumb line in respect to the midline of the sacrum will define 

the terms positive, neutral (balance) or the negative depending on the direction and 

the offset distance from the midline. 

In this study, we defined the positive coronal balance as the plumb line passes to the 

right side of the mid-sacrum greater than 20 mm; the balance condition is defined if 

the plumb line locates within ±20 mm of the midline. Finally, the negative balance 

indicates the position of the plumb line on the left side of the midline when it is 

beyond 20 mm. 
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Figure 3-21 Left: Coronal balance (AP view), Right:  Sagittal balance (ML view) 

(https://radiopaedia.org/cases/coronal-and-sagittal-balance?lang=us) 

 

Clavicle angle can be considered as one of the parameters to represent the shoulder 

balance throughout the X-ray evaluation as it was proposed by Kuklo et al. (2002). 

As shown in Figure 3-22, the clavicle angle is defined as an angle formed by 

intersection of a tangent line joining the highest points of two clavicles with a 

horizontal line. If left clavicle was higher than the right side, it was considered as a 

positive angle, as opposed to the negative angle attributed to the right clavicle in 

higher level than left side. 

 

Figure 3-22 Positive clavicle angle (Kuklo et al., 2002) 

 

Another parameter assessed in this study was the Apical Vertebral Translation 

(AVT) which is constructed by the calculation of the horizontal distance between the 

body center of the thoracic apical vertebra to the C7 plumb line and the apex of 

thoracolumbar/lumbar curve in respect to the CSVL (see Figure 3-23); this 

https://radiopaedia.org/cases/coronal-and-sagittal-balance?lang=us
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parameter is measured and reported in the unit of mm, as well (Fischer and Kim, 

2011).  

 

Figure 3-23 Apical Vertebral Translation (AVT) in thoracic and lumbar region 

(https://neupsykey.com/principles-of-coronal-plane-deformity/) 

 

In-orthosis curve correction has paramount importance in prediction of the long-term 

effectiveness of orthotic treatment (Landauer et al., 2003). Researchers maintain that 

different parameters might contribute to predict the in-orthosis correction. As Lang 

et al. (2019b) stated sharp localized curves probably have a lower chance for the in-

orthosis correction as compared to more global wider curves.  They implemented a 

parameter called Coronal Digital Angular Ratio (C-DAR) to evaluate the curves in 

the coronal plan and investigate the correlation of this parameter with the in-orthosis 

correction. As illustrated in Figure 3-24, C-DAR is defined as the magnitude of 

major curve over the number of involved vertebrae which contribute to the formation 

of that curve structure. The concept of DAR can be considered in the sagittal plane, 

as well. However, this parameter in coronal plane may show more meaningful 

correlation with the in-orthosis correction. In our study, the C-DAR of major curves 

for all subjects was calculated to facilitate the correlation analysis of this parameter 

with the in-orthosis correction. 

https://neupsykey.com/principles-of-coronal-plane-deformity/
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Figure 3-24 the calculation of C-DAR parameter in major curves 

 

 

 

3.6.4. The conventional orthosis- design group (Group Control, C) 

Subjects in group C were prescribed with a conventional underarm rigid orthosis (the 

Hong Kong orthosis) to wear the orthosis for 23 hours per day. Upon agreement on 

participation in this study, they were guided to orthotist staff at hospital for the 

conventional method of orthotic design as the clinics common practice. 3 orthotists 

out of 7 available orthotists in that center were chosen for conventional design, 

fabrication and fitting of the orthoses. Each orthotist had at least 6 years of expertise 

operating with the CAD/CAM system to design and fit the spinal orthoses. It was 

assumed that the arrangement and assignment of 3 orthotists rather than all could 

decrease the variability of orthotic practice and skills. The conventional practice for 

making the spinal orthosis in that hospital is based on the CAD/CAM scanning of 

subjects (ScanGogh II scanner) in sitting position with no force application while the 
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electromagnetic sensor affixed to the subject’s trunk to record the whole trunk with 

appropriate coordinate information. The subjects’ hands were positioned on top of 

the head to facilitate the scanning of axillary region as depicted in Figure 3-25. The 

total duration of conventional scanning session took approximately 20 minutes on 

each subject. No ultrasound scanning was carried out on subjects in this group and 

the researcher only monitored the changes in radiographic, demographic and 

compliance parameters of these subjects in a course of aforesaid visits. 

 

Figure 3-25 Positioning of the subjects in control group in preparation for the body shape acquisition 

 

After completion of the scanning, the orthotists could generate a model to be 

transferred to the CANFIT software for implementation of any modification. Clinical 

judgment of each of these 3 orthotist and the pre-orthosis X-ray facilitated the 

process of rectification of virtual model on computer monitor to apply the corrective 

forces in strategic points while voids and buildups were applied to the bony 

landmarks. 

Subsequent to the completion of modification on virtual positive mold, the milling 

machine carved a real positive mold out of polyurethane foam block. Thereafter, the 

polyethylene sheet in 5 millimeter thickness heated and thermoformed on positive 

model to conform to the slope and configuration. Elastic bandages were used to 
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allow the plastic sheet holds the contour of the model until the plastic temperature 

drops to the room temperature (Figure 3-26). 

 

Figure 3-26 Positive mold carved out of polyurethane block (left), elastic bandage wrapped on top of the 

plastic sheet to facilitate the plastic conforms the model 

 

In final step, the orthotists removed the orthosis from the positive mold and trimmed 

the orthosis, added the straps, fitted the orthosis on subjects’ trunk and marked the 

level of strap tightness on each strap as a reference for the subjects and their families 

to fasten the straps to that level. The subjects were then advised to wear the orthosis 

on full-time basis and after a few weeks of adaptation, they were referred back to the 

clinics for general checking of the orthosis and strap tightness as well as any 

complain and discomfort in advance to the referral to the department of radiography 

for obtaining the first in-orthosis X-ray. Later, the orthopedic surgeon evaluated the 

X-ray parameters and in-orthosis correction could indicate that whether the subject 

should continue the orthosis with that configuration of the force application or being 

referred back to the orthotist for orthosis adjustment including the extra pad 

application. The subjects in the control group underwent all these steps as it was a 

conventional routine practice of the orthotic design in that center applied to all 

referred patients including the subjects of current study who had been assigned into 

the control group. 
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3.6.5. The ultrasound guided-orthosis design group (Test Group, T) 

The procedure for orthosis fabrication and fitting in the test group was similar to the 

control group, except some steps which were taken differently on subjects in group 

T. The subjects first wore a gown backwards to make it exposed at the posterior in 

the preparation of ultrasound scanning in standing position. The subjects were 

requested to stand closely in front of room wall and keep their hands on the front 

wall to decrease the perturbation of sudden movements during the ultrasound 

scanning which negatively affects the quality of US scanning images and the 

reconstructed model. The subjects needed to look at the front not to bend their neck 

and keep their legs at shoulder width apart or less. The subject’s body was tried to be 

kept in a plane parallel to the wall (vertical plane) as much as possible. Before the 

application of acoustic ultrasound gels onto the acoustic lens of ultrasound 

transducer and subject’s back, the tips of spinous processes (C7 to L5) were palpated 

to provide an approximate image of curve trend. The most recent pre-orthosis PA X–

ray served as a reference to help the researcher perform the US scanning by twisting 

and tilting the transducer to keep it perpendicular to the curvature slope as much as 

possible and follow the changes of curvature trend during the scanning trials 

according to the palpated landmarks and the pre-orthosis X-ray. The acoustic 

impedance of air is very low. Therefore, once the ultrasound wave travels to the air-

tissue interface, almost all the beam bounces back and no wave would remain to 

visualize the tissue. Acoustic gel with acoustic impedance close to the water could 

significantly decreases the reflection to allow a big portion of energy reach to the 

targeted tissue and the image of the tissue would generate properly (Curry et al., 

1990).  

Standing ultrasound scanning was conducted on all subjects in Group T before they 

proceed to sit inside the frame. The GPS transmitter should be placed close to the 

trunk and the transducer to intensify the signal received by transducer. Before the 

scanning, all metallic wears and necklaces, electronic goods, and any ferromagnetic 

material except the GPS transmitter of ultrasound machine were taken away from the 

subject to prevent any interference with US signals. US scanning was repeated 2 to 3 

times in standing position and in direction of top to bottom to record a stack of B-

mode images as well as RF data and the coordinate attributes of the transducer 
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position (and indirectly the vertebrae position) throughout the scanning 

(Figure 3-27). Then the acquired data were exported to the MIAS 3D software to 

reconstruct the whole model of the spine which usually took 2 to 3 minutes. 

 

Figure 3-27 US scanning of AIS subject in standing position 

 

The US scanning in this position was performed to measure the subject’s US induced 

angle at baseline and to compare this value with the latest pre-orthosis X-ray.  

After completing this step and in order to be able to do the CAD/CAM scanning 

precisely, the subjects were requested to change the gown and wear two layers of 

stockinette on their trunk while the posterior part of the stockinette cut to make a slot 

to expose the back of patient’s trunk for the application of ultrasound scanning. 

Thereafter, the subjects were guided to sit inside the frame while the height and 

orientation of seating platform, foot rest and hand grips could easily be adjusted. 

Once the height adjusted, the initial arrangement of corrective pressure pads in 

thoracic, lumbar, axillary, pelvis and abdomen were applied to simulate the in-

orthosis condition according to the orthotist’s suggestion and preference 

(Figure 3-28). In-frame ultrasound scanning was conducted to see the quasi real-time 

effect of the pressure pads configuration on curvature response. If the level of 

ultrasound induced correction did not satisfy the orthotist, further adjustment to the 

pressure pad orientation and location were applied and the curvature change was 

monitored by another round of in-frame ultrasound scanning (Figure 3-30). The 
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whole process of assessment session for the subjects in the test group took 

approximately 75 to 80 minutes. 

Pressure range between 60 to 100 mmHg was arranged for each case to be applied 

through the bladders to the interface between the frame pads (thoracic and/or 

lumbar) and the subject’s trunk. Such a wide range of pressure values was justified 

to response to the breathing rhythm during the US scanning to compensate the 

corresponding fluctuation of the air bladders. Before setting the mobile phone 

application to any range of pressure, the bladders were pre-inflated in a very small 

magnitude to keep them with an encapsulated air upon initial contact with torso. Two 

class of pressure regulation were considered for this study. For lower band, the 

threshold boundaries were tuned between 60 to 80 mmHg (8-10.5 kilopascal). Upon 

activation of regulation button in the software, the pressure of the bladders interfaced 

between the pressure pads and torso was adjusted within this range and at least the 

applied pressure could be considered at 60 mmHg (lower threshold of this range). If 

the orthotist believed that more pressure is required or if the ultrasound values did 

not reach to the targeted reduction, the second more intensified class of pressure 

range was applied where the pressure boundaries were set between 80 to 100 mmHg 

(10.5-13 kilopascal) to ensure the pressure will not drop below the threshold of 80 

mmHg in this range yet not exceed 13 kilopascal which may not be acceptable to the 

subjects. Pressure system during the scanning inflated or deflated the bladders to 

keep their value within the defined range. Yet further pressure could be provided 

with the adjustment of the actuator to bring the pads in a closer contact with the torso 

and apply further force in combined with the regulation of air bladders. The real-time 

pressure were observed in the graph (Figure 3-29) and recorded and sampled 

continuously throughout the force application. The pressure values and coordination 

of the pressure pads in space were recorded for the reference and documentation 

purpose only and not for any statistical analysis. 
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Figure 3-28 Application of the corrective pads and US scanning to monitor the curve change 

 

 

Figure 3-29 the graphs related to pressure pad application 

 

As the graph in Figure 3-29 displays, the system was monitoring and regulating two 

pressure unit (green and blue) as device 1 had been set for the pressure range of 80 to 

100 mmHg while the Green one (device 2) was tuned between 60 to 80 mmHg and 

the valves deflated to remove the air if the pressure magnitude exceeded the upper 

boundary. The fluctuation in each device was induced as the subject inhaled and 

exhaled and this process changed the magnitude of interface pressure between the 

pad and the torso.  
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Figure 3-30 US evaluation of the curvature response to the corrective force by adjustment of the level and 

direction of the corrective force to decrease the curve magnitude 

 

The MIAS 3D software was used to reconstruct the 3-D US images of the whole 

spine. The measurement of the curves could be performed in a semi-automatic 

method. After cropping the ROI in superimposed window of transverse plane B-

mode frames and the sagittal profile, the software completed the reconstruction. 

Following the generation of the whole spine model, the operator should use the 

mouse cursor to pinpoint each vertebral level in the coronal plane of the 3-D image; 

corresponding image in the transverse plane could be observed upon selection of any 

vertebral level in the coronal plane. In the coronal plane, the laminae were first 

chosen as bright points on either side of the spinal dark canal to automatically 

generate a line joining the left and right side laminae together. Thereupon, the 

selected points at each vertebra level could be fine-tuned according to the 

corresponding transverse plane as center of laminae are considered as the brightest 

(hyper-echoic) points on both sides of the spinous process in the transverse plane 

(Figure 3-31). Apart from the laminae, the reflected signals from the ribs are also 

strong regions in the coronal and transverse plane. This could be a good landmark as 

an approximation of the identical landmark in the X-rays for counting the number of 

ribs and finding the correct level of vertebrae and particularly the identification of 

T12 level.  

COL method was utilized to evaluate the spinal curvature in the coronal plane and 

transverse plane of the reconstructed image. For the coronal plane, the most tilted 
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lines above and below each curve could be considered as an approximation to the 

upper and lower end vertebrae (UEV and LEV) in each curve. Then, the angle 

formed between these two lines were calculated automatically which represents the 

ultrasound angle of the curves in the coronal plane The concept of this measurement 

follows the similar principle implemented in X-ray Cobb angle calculation but 

relying on COL rather than the real end plates of vertebrae.  The ultrasound 

measurement of rotation in apical vertebra is depicted in Figure 3-32  in which the 

angle between the line connecting the COL on both sides of the spinous process and 

a horizontal line represents the magnitude of the rotation. The horizontal line is 

drawn based on the assumption that the coronal plane passing through the subject’s 

body is parallel to the global vertical plane which requires the adjustment of 

subject’s body posture prior to the ultrasound scanning.  

 

Figure 3-31 US image of reconstructed spine in coronal view (left) corresponding with vertebrae in the 

transverse plane (right) 

 

 

Figure 3-32 Ultrasound measurement of AVR 
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Once the satisfactory configuration of the pad placement and orientation was 

obtained and confirmed with the ultrasound measurement value, the researcher 

scanned the trunk shape by using the Structure sensor affixed to the iPad to record 

the external geometry of the trunk in a curve-corrected feature (Figure 3-33). The 

scanning took 1.5 to 2 minutes and the distance within the scanner and the subject’s 

trunk was kept nearly steady to facilitate a good-quality scan. In addition to the iPad 

screen and due to the synchronization of the iPad and the laptop (PC), the process of 

scanning could also be followed through the computer to let the whole procedure 

being observed by subject and his or her family; Another justification for the 

connection of the scanner to PC was to let the appropriate number of meshes and 

triangles be captured and reconstructed since the mobile version of the software has 

some limitations in terms of number of captured meshes which may negatively affect 

the quality of reconstructed shape. 

 

Figure 3-33 Captured trunk after the completion of scanning, top view and frontal view 

 

Then, the captured file was cleaned to remove the unnecessary objects except the 

subject’s body and the pads pushing or supporting the trunk. Thereafter, the cleaned 

file was transferred to the same rectification CAD/CAM software (CANFIT) as for 
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the control group to keep the modification algorithms consistent for both groups in 

attempt to prevent any confounding factor being imposed. The researcher applied 

minor modifications to the captured model including removing the pads, smoothing 

the virtual trunk surface and implementing the trim lines of the virtual orthosis onto 

the virtual positive model as depicted in Figure 3-34 and Figure 3-35. This process 

was supervised by one of those three orthotists involved in the study who designed 

the orthoses in the control group; he had more than 10 years of experience on 

fabrication and fitting of the spinal orthoses in the corresponding department in that 

hospital. 

Since then, the remaining process of orthotic fabrication followed similar protocol as 

for the conventional ones including the positive model carving, plastic 

thermoforming, and orthosis trimming and fitting. Under the supervision of 

aforementioned orthotist, the researcher contributed to some steps including the 

trimming and fitting of orthoses for subjects in Group T (Figure 3-36). 

 

Figure 3-34 captured trunk in the rectification software (CANFIT) 

 

 

Figure 3-35 virtual orthosis design before sending to milling machine for the carving of positive model 
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Figure 3-36 Grinding of the trim lines in under-arm orthosis 

 

The subjects in the test group received another round of US scanning arranged at the 

same session for the check-up of orthosis fitting. Such arrangement eliminated the 

potential hurdle to subjects and their parents to attend any further session in orthotics 

department except the basic sessions (casting, orthosis check-up and potential 

follow-up adjustment) which were applicable to all referred patients. The subjects 

were asked to take off the orthosis while on the day before the fitting check-up 

session they had been requested to wear their orthosis as many hours as possible. It 

was tried immediately after the orthosis doffing to provide a gown to the AIS subject 

and guide them to wear the gown posteriorly and follow the identical procedure as 

implemented previously at the standing ultrasound scanning on assessment session to 

stand in front of the wall and take similar posture. The standing ultrasound scanning 

was carried out 3 times and the image with better quality was chosen later for 

calculation of ultrasound-derived parameters. No further US scanning were arranged 

to the teenagers in this group. Then, they were referred to the X-ray department and 

by taking the in-orthosis X-ray, a comparison between the in-orthosis X-ray 

correction and pre-orthosis X-ray was undertook. 

In addition to the files required for the reconstruction of US images, a RF generated 

file was captured, as well. Based on the clarity of the echo signals, a single B-mode 

frame image was chosen and signal records of RF data for that specific frame was 

extracted to be analyzed. A custom-designed plugin into the MIAS 3D software was 

developed to calculate the RI parameter from the raw RF data. After inputting data 

and signal processing and amplitude method application, the region of interest was 
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chosen according to the area with a strong reflection near the laminae. These data 

could be helpful in evaluation of the bone quality within each group before and after 

the application of orthosis. As the software is yet under the development, the results 

of this section could not be input into the final version of the thesis; however the 

team is planned to do the detailed analysis on RF data in the future and upon release 

of a stable version of the software. 

 

3.6.6. Treatment outcome 

The SRS standardized criteria on orthosis studies were followed for the comparison 

of treatment effectiveness between Groups C (Control) and T (Test) pertaining to the 

various treatment outcomes analyzed in this study (Knott et al., 2014). The mean 

difference and percentage of correction of measurement parameter between two 

groups and within each group, before and after the orthosis application were 

analyzed. For those subjects in each group reaching to the out of orthosis follow-up 

session with an obtained out of orthosis X-ray, the concept of successful treatment 

was investigated.  

Successful treatment under each outcome criterion is defined as follows: 

1. Changes in Cobb angle ≤ 5°, and;  

2. No surgery for scoliosis is indicated, and;  

3. Cobb angle remains ≤ 45° at the end of the study  

 

3.6.7. Statistical analysis 

SPSS (Version 22.0, IBM Inc., New York, USA) was used to perform the statistical 

analysis. Descriptive statistics were presented to illustrate the parameters such as 

age, height, seating height, BMI, TOCI, and Risser sign in both groups at the 

baseline of this study. The level of significance was set as 95% (p < 0.05). The 

spread of dependent measured parameters was tested before the experiment to 

evaluate the normality of the distribution by conducting the Shapiro Wilks test 

(P>0.05) and visual inspection of QQ plots. For data with normal distribution, the 

numerical data were reported as mean ± SD plus the range value in some cases. For 
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any continuous data which did not fulfill the condition of normality, the 

corresponding non-parametric tests (Mann-Whitney U test and Wilcoxon signed 

rank tests for intergroup and intragroup comparison, respectively) were utilized 

instead of parametric counterparts. 

Demographic and anthropometric data, initial and in-orthosis Cobb angles and other 

X-ray extracted data associated with the curvature were reported. The percentage of 

curve correction was evaluated within each group in pre-orthosis to post-orthosis 

visits by using the paired-sample t-test to compare the mean difference of variables 

at level of the significance. An independent sample t-test was used to compare the 

mean difference and the percentage of curve correction in the test group with the 

interrelated values in the control group. The factor of orthotic compliance was 

compared in both groups, as well. The Pearson product-moment correlation tests 

were utilized to determine the correlation between US coronal curve angle (COL-

based) and the X-ray Cobb angle in the test group in two time points of pre-orthosis 

and in-orthosis. Correlation coefficient is categorized into 4 individual ranges; the 

coefficient 0 to 0.25 indicates the lack of correlation, 0.25 to 0.50 reminds the low 

correlation, 0.5 to 0.75 is defined as a moderate correlation and finally 0.75 to 1.00 

indicates the high correlation.  For the categorical and nominal parameters, the 

Pearson Chi-squared and Fisher’s exact tests were used to manage the comparison of 

two groups. For evaluation of the accuracy in ultrasound system versus the X-ray, 

Bland Altman plot and MAD were presented. For the intragroup and intergroup 

comparison of X-ray parameters in those subjects obtaining the follow-up out of 

orthosis X-ray, a two-way mixed repeated measure ANOVA with Tukey’s honestly 

significant difference (HSD) post hoc comparison was conducted. One-way ANOVA 

was used to compare the effect of different scanners on accuracy of the measurement 

values.  Simple linear regression was generated to evaluate the prediction of the X-

ray in-orthosis AVR and coronal Cobb angle based on the magnitude of US in-

orthosis AVR and “proxy” Cobb.  
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4. CHAPTER 4: RESULTS 

This chapter reports the research finding and data analysis. The chapter begins with 

the evaluation of scanner accuracy, it then continues with the intragroup and 

intergroup comparison of X-ray parameters and ultrasound values, respectively and 

finally, for the cases obtaining their out of orthosis X-ray, a between and within 

group analysis is undertaken and they get compared in three X-ray time points of 

pre-orthosis, in-orthosis and follow-up.  

According to a series of analyses, some preliminary results were found in the 

ultrasound-guided study which is highlighted in this chapter.  

4.1. Feasibility of the assessment frame 

After few rounds of trials and adjustments to the dimension of bars and pillars to 

accommodate the subjects into the frame, the pressure pad shape changed. 

Abdominal pad modified into a smaller size version in order to not block the 

Anterior Superior Iliac Spine (ASIS) during the CAD/CAM scanning. A minor 

modification was carried out on axillary pad to conform the design of the pad to the 

contour of armpit, while the size of pelvic pads decreased, as well. This modification 

was implemented to clear the trochanter heads and iliac crest as the width of the pad 

accommodated well between these two landmark boundaries. As the original plan in 

CAD/CAM scanning was to use the Spectra scanner as a more accurate scanner, the 

pads color interchanged between the light color and dark black to detect the effect of 

this change in the processed generated file of trunk scan. Basically, the dark color 

pads as well as the transparent ones may not be detected by Spectra scanner as 

depicted in Figure 4-1. The software interlinked to the Spectra scanner revealed the 

holes at the location of pads if they were colored in black. Thereafter, the holes could 

be covered in that software by in-built algorithms to estimate the filling contour 

according to the data of marginal points surrounding the hole.  Likewise, the 

Structure sensor would face difficulties with the transparent and shiny surfaces, but 

no interference with the black color pads deployed in this study. 
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Figure 4-1 detection of the pads in captured scan of a model using the Spectra scanner 

A neck ring was designed to keep the head in the center and served as a reminder for 

the patients not to bend or shift their neck and head to the left, right, front and back 

during the scanning. Besides, application of laser line further improved the control of 

whole system over the coronal and sagittal balance (shift) during the scanning 

procedure. 

 

4.2. Accuracy of the scanner 

A between-subjects one way ANOVA was conducted to compare the effect of 

different methods of measurement including the manual measurement (caliper/tape) 

and 3 distinctive scanners i.e., ScanGosh laser scanner, Spectra blue light scanner 

and the iPad-mounted Structure sensor on a series of circumference, width and 

length measurements in an attempt to select the scanner of preference for this study. 

The scanners were used to measure the specific anthropometric measurements in 

different subcategories of linear distance (point to point measurement), surface 

distance (in which the virtual measurements tape conformed to the contour of the 

object for the measurement of point to point distance), circumference (girth), 

anteroposterior (AP) and mediolateral (ML) widths. In each subcategory, at least 4 

sets of measurements were recorded. Each parameter was measured 3 times and the 

average was utilized for the statistical analysis. 
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Table 4-1 Comparison of accuracy of the 3 different scanners 

Measurements Reference 

measurement 

(measurement 

tape and 

caliper) 

Laser Scanner 

(ScanGogh II) 

 

Spectra blue 

light scanner 

 

Structure 

Sensor (iPad 

mounting 

scanner) 

F- Value/ 

P-Value 

(ANOVA) 

Mean (±SD) Mean (±SD) Mean (±SD) Mean (±SD) 

Linear Distance 

(mm) 

210.6 (83.2) 209.4 (82.9) 208.0 (83.8) 208.2 (83.0) F(3,24)=0.002 

P=0.99 

Surface Distance 

(mm) 

271.3 (62.4) 265.5 (61.7) 264.5 (61.0) 263.8 (60.0) F(3,12)=0.01 

P=0.99 

Circumference 

(mm) 

747.4 (83.2) 744.1 (81.6) 742.4 (78.6) 757.1 (80.9) F(3,16)=0.03 

P=0.99 

ML width (mm) 264.7 (23.5) 268.4 (26.2) 267.1 (24.8) 272.5 (24.9) F(3,16)=0.08 

P=0.96 

AP width (mm) 176.9 (17.9) 182.7 (20.9) 180.6 (19.4) 186.2 (21.3) F(3,16)=0.19 

P=0.89 

underline indicates the significant of ANOVA p-value in comparison of 4 groups (methods) as intergroup 

comparison “the significance of  main effect” in each subcategory 

asterisk (*) indicates the significance of mean in intergroup post hoc comparison between different measurement 

methods in pair-wise arrangement 

Asterisk (**), asterisk (***) and etc. indicate the significance of mean in intergroup post hoc comparison in pair-

wise presentation for further pair-wise comparison of measurement methods. 

 

As Table 4-1 indicates, there was no significant effect of the type of scanner on 

measured values at the p<0.05 level for 3 types of scanners and reference manual 

measurements in different subcategories of circumference, distance and width 

measurements. Therefore, no post hoc comparison was performed. Though very little 

underestimation or overestimation in the measurement trend of some scanners were 

observed, the mean difference was not in an extent leads to any significant change.  
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4.3. Clinical evaluation 

In total, 63 subjects with AIS (45 female and 18 male, ages 12.3 ± 1.3) were 

recruited in this prospective non-randomized controlled trial study and assigned into 

one of the two arms either in the control or test group according to their preference 

on treatment protocol.  39 subjects in the control group (29 F, 10 M) received the 

Hong Kong orthosis designed and fabricated in the conventional method of the 

clinics in routine practice; on the other hand, 24 subjects (16 F, 8 M) in the test 

group did follow an ultrasound-guided method to receive the Hong Kong orthosis. A 

Shapiro Wilks test (P>0.05) and visual inspection of QQ plots were conducted 

before the tests to identify whether the dependent measured parameters follow an 

approximate normal distribution on both groups or not. That was the justification for 

implication of the parametric versus non parametric tests in the following sub-

sections (A vast number of tests in this study run under the parametric condition). 

Mean, the standard deviation and range of Radiographic and clinical parameters in 

two groups at baseline are listed in Table 4-2.  

Table 4-2  Demographic data of the test and control group at baseline 

Parameters (unit) Test (n=24) Control (n=39) 

Mean (±SD) Range Mean (±SD) Range 

Age (years) 12.30 (1.50) 10.00-16.00 12.30 (1.30) 10.00-15.00 

Height (m) 1.55 (0.07) 1.38-1.68 1.56 (0.09) 1.38-1.75 

Seating height (m) 0.82 (0.40) 0.74-0.89 0.82 (0.05) 0.71-0.90 

Weight (Kg) 43.13 (8.51) 29.00-76.00 42.28 (6.08) 28.20-55.60 

BMI (kg/m2) 17.79 (2.87) 13.60-28.96 17.42 (1.79) 14.08-20.96 

Risser sign (0-5 intervals) 1.50 (1.60) 0.00-4.00 1.70 (1.50) 0.00-4.00 

Menstrual status for female subjects 

(months) 

7.50 (9.80) 0.00-29.00 6.50 (6.90) 0.00-25.00 

TOCI (0-8 intervals) 4.90 (1.50) 2.00-7.00 5.30 (1.40) 3.00-8.00 

Coronal plane Cobb angle (°) 26.10 (6.10) 12.00-41.00 25.70 (7.10) 14.00-45.00 

Transverse plane apical vertebral 

rotation (AVR) (°)  

8.50 (5.90) 0.00-22.00 6.80 (5.80) 0.00-20.00 

Sagittal plane thoracic kyphosis (°) 28.10 (12.50) 6.00-53.00 28.30 (12.90) 6.00-56.00 

Sagittal plane lumbar lordosis (°) 45.70 (9.80) 30.00-67.00 50.40 (9.50) 30.00-75.00 

Coronal deformity angular ratio 4.11 (1.34) 1.20-6.83 4.23 (1.25) 2.00-8.00 

SD: standard deviation, m: meter, kg: kilogram, BMI: Body Mass Index, TOCI: Thumb Ossification Composite 

Index 

Coronal, transverse plane angles as well as the coronal deformity angular ratio were calculated based on the 

average of sum of “all” curves including the major curves and the compensatory ones (47 curves vs. 80 curves) 
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Conducting independent sample t-test did not reveal any significant difference 

between the two groups in terms of baseline demographic data. 

Similarly, Table 4-3 displays the values of categorical and nominal parameters in 

both groups at baseline point.  

Table 4-3 Categorical and nominal parameteres of the subjects in the test and control groups at baseline 

Parameter and their levels Test (n=24) Control (n=39) 

Frequency Percentage Frequency Percentage 

Gender Male 8 66.7% 10 25.6% 

Female 16 33.3% 29 74.4% 

Risser sign Risser 0-2 17 70.8% 26 66.7% 

Risser Greater than 2 7 29.2% 13 33.3% 

Menarche 

status (female 

subjects) 

Pre-menarche 7 43.8% 6 20.7% 

Post-menarche 9 56.3% 23 79.3% 

Orthosis  

prescription 

First orthosis 17 70.8% 32 82.1% 

Orthosis renewal 7 29.2% 7 17.9% 

The side of 

Major thoracic 

curves 

Left 0 0 0 0.0% 

Right 7 100.0% 18 100.0% 

The side of 

Major 

thoracolumbar/ 

Lumbar curves 

Left 15 88.7% 18 85.7% 

Right 2 11.8% 3 14.3% 

Coronal 

Balance 

Balance 19 76.9% 30 76.9% 

Imbalance 5 23.1% 9 23.1% 

Sagittal 

Balance 

Balance 16 66.7% 22 60.3% 

Imbalance 8 33.3% 17 39.7% 

 

The comparison of the two groups at baseline with concern to the nominal and 

categorical parameters did not differ significantly in subcategories of gender, Risser 

sign status, menarche status (for female subjects), orthosis prescription on either the 

first orthosis experience or the renewal status, the direction of major curves, and the 

coronal and sagittal balances. For the sagittal and coronal balance, the values within 

the range of ±20 mm were considered “balanced” while the magnitude of the 

parameter offset this range was considered as imbalance condition at the beginning 

of this study. 
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The percentage of pre-menarche female subjects in the test group was almost twice 

the pre-menarche subjects in the control group at the baseline though it did not show 

any significance difference between the two groups. 

All cases in the category of coronal imbalance in the test and control group (5 and 9, 

respectively) had a trunk shift more than 20 mm to the left side and considered as 

negative imbalance cases at the baseline. 

At the baseline in test group, the trunk of 8 subjects were defined as imbalance in the 

sagittal plane where 5 cases were considered as anterior sagittal imbalance and 3 

subjects had a posterior sagittal imbalance. On the contrary, in the control group, 12 

sagittal imbalance subjects out of 17 were anteriorly shifted cases where the C7-

passing plumb line showed a magnitude of more than 20 mm posterior shift in only 5 

cases.  

Regarding the side of the major curves, there was no subject in either group with the 

left thoracic curve direction; for the thoracolumbar and lumbar curves the direction 

of left side major curves in both groups of test and control (89% versus 86%) was 

predominant. 

The percentage of subjects with the Risser sign 0-2 was almost the same in both 

groups as they comprised approximately 2/3 of subjects as compared to subjects with 

the Risser sign greater than 2, in each group.   

 

4.4. Spinal Curvature (pre-orthosis vs. in-orthosis conditions) 

Table 4-4 sets out the results of curvature changes from the baseline to the first in-

orthosis X-ray. According to these results, the mean Cobb angle in both groups of 

test and control significantly decreased as compared to the pre-orthosis condition 

(intragroup comparison). The percentage of correction in the test group was 

significantly (p <0.05) higher than that of the control group (intergroup comparison) 

in many subcategories including all major curves and all combined curves. Similar 

trend for the magnitude of mean curve change was observed.  
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Table 4-4 Mean Correction of X-ray Cobb angle within and between the test and control groups (coronal 

plane) 

Grouping Curve Category Pre-orthosis Coronal 

Cobb Angle 

In-orthosis Coronal 

Cobb Angle 

Mean Curve 

Correction 

(Degree  and 

Percentage) 

Mean 

(±SD) 

Range Mean 

(±SD) 

Range 

Test (24 

Subjects) 

All High Thoracic 

(n=7) 

22.4 (8.9) 12.0-38.0 18.4 (11.6) 4.0-40.0 **4.00 

**24.61% 

All Thoracic (n=17) 26.2 (5.8) 14.0-38.0 19.5 (7.4) 7.0-37.0 6.70 

26.30% 

All Thoracolumbar 

(n=8) 

25.7 (5.1) 20.0-37.0 10.6 (5.1) 3.0-19.0 **15.10 

**57.27% 

All Lumbar (n=15) 28 (5.0) 17.0-41.0 19.3 (5.5) 9.0-28.0 *8.70 

30.20% 

All Curves (n=47) 26.1 (6.1) 12.0-41.0 17.8 (7.8) 3.0-40.0 **8.40 

**32.60% 

All Major Curves 

(n=24) 

28.3 (5.2) 20.0-41.0 17.2 (8.1) 3.0-37.0 **11.10 

**40.25% 

All Major Thoracic 

Curves (n=7) 

29.7 (5.2) 23.0-38.0 22.1 (8.9) 15.0-

37.0 

7.60 

27.68% 

All Major 

Thoracolumbar/Lumbar 

Curves (n=17) 

27.7 (5.2) 20.0-41.0 15.1 (7.0) 3.0-28.0 **12.60 

**45.43% 

All Major Curves 20-

30° (n=18) 

25.9 (2.9) 20.0-30.0 15.9 (7.4) 3.0-33.0 **10.10 

**40.29% 

All Major Curves 31-

45° (n=6) 

35.3 (3.9) 31.0-41.0 21 (9.6) 8.0-37.0 14.30 

40.15% 

Control 

(39 

Subjects) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

All High Thoracic 

(n=10) 

21.1 (3.8) 16.0-29.0 22.4 (4.3) 17.0-

30.0 

**-1.30 

**0.00% 

All Thoracic (n=33) 26.5 (7.6) 14.0-45.0 22.3 (8.6) 10.0-

46.0 

4.20 

17.85% 

All Thoracolumbar 

(n=16) 

28.3 (9.1) 17.0-44.0 22.9 (9.3) 13.0-

39.0 

**5.40 

**22.30% 

All Lumbar (n=21) 24.6 (4.2) 17.0-31.0 20.1 (4.7) 14.0-

36.0 

*4.40 

19.35% 

All Curves (n=80) 25.7 (7.1) 14.0-45.0 21.9 (7.5) 10.0-

46.0 

**3.80 

**17.03% 

All Major Curves 

(n=39) 

28.9 (6.9) 20.0-44.0 22.8 (8.2) 13.0-

46.0 

**6.10 

**22.60% 

All Major Thoracic 

Curves (n=18) 

29.4 (6.7) 21.0-44.0 24.4 (8.7) 14.0-

46.0 

4.90 

18.70% 

All Major 

Thoracolumbar/Lumbar 

Curves (n=21) 

28.4 (7.1) 20.0-44.0 21.4 (7.7) 13.0-

39.0 

**7.10 

**25.99%% 
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Grouping Curve Category Pre-orthosis Coronal 

Cobb Angle 

In-orthosis Coronal 

Cobb Angle 

Mean Curve 

Correction 

(Degree  and 

Percentage) 

Mean 

(±SD) 

Range Mean 

(±SD) 

Range 

Control 

(39 

Subjects) 

 

All Major Curves 20-

30° (n=27) 

25.0 (3.1) 20.0-30.0 18.7 (3.7) 13.0-

27.0 

**6.40 

**25.35% 

All Major Curves 31-

45° (n=12) 

37.5 (4.7) 32.0-44.0 32.1 (8.0) 22.0-

46.0 

5.40 

16.5%   

P value <0.05      SD: Standard Deviation 

The underlined numbers indicate  the statistical significance in pre-orthosis and in-orthosis conditions in each 

subcategory (intragroup) 

* Asterisk indicates only one statistical significance (either mean curve correction or the percentage of the curve 

correction) between two groups in each subcategory (intergroup) 

** Asterisks indicate the statistical significance in both items of mean curve correction and percentage of curve 

correction in comparison of two groups (intergroup) 

 

The comparison of pre-orthosis and in-orthosis curve change in each group and 

between two groups in different subcategories, including the curves in different 

regions, all curves combined together, all major curves, all major curves in respect to 

the thoracic or thoracolumbar/lumbar region and the major curve with the severity in 

two ranges of 20-30° and 31-45° were analyzed in details by conducting the relevant 

t-tests.  

In general, the intragroup comparison of the spinal curves in the coronal plane in 

both groups before and after the application of the orthosis showed a significant 

reduction. As for the comparison between the two groups, the percentage of curve 

reduction was significantly higher in the major curves in the test group than the same 

parameter in the control group (40% versus 23%). 

Although in both groups and after the application of spinal orthoses, the major 

thoracic curves significantly reduced, the intergroup comparison of curve reduction 

in major thoracic curves between the test group (n=7) and control group (n=18) did 

not reveal any significance difference; on the contrary, the percentage of curve 

correction in major thoracolumbar and lumbar curves in the test group showed a 

significant reduction (45%)  as compared to the of curve correction in the control 

group (26%) as depicted in Figure 4-2.  
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Figure 4-2 Statistical significance of percentage of coronal curve correction between the control and test 

group 

 

For the intragroup comparison of curve reduction in major thoracic curves as well as 

major curves greater than 30° before the orthosis application and at in-orthosis 

condition within the experiment group, the non-parametric test of Wilcoxon signed-

rank test was conducted in which the results were analogous to that of parametric test 

to accept or refuse the statistical significance of curve reduction. Moreover, for the 

comparison of curve reduction (in terms of mean degree change and the percentage 

of change) between the control and test groups in the subcategories of all high 

thoracic curves, all thoracolumbar curves, major curves greater than 30° and major 

thoracic curves the results of non-parametric Mann-Whitney U-test was prioritized to 

the independent sample t-test. 

Intragroup and intergroup comparison of changes in the AVR values before and after 

the orthosis application is presented in Table 4-5. Although at in-orthosis condition, 

both groups demonstrated a significant reduction of mean AVR (when considering 

all major curves together); the reduction of vertebral rotation did not differ 

significantly to show any superiority for one group over the counterpart. 

Nevertheless, when all curves (47 curves in the test group versus 80 curves in the 



77 

 

control group) underwent an intergroup analysis, the mean decrease of AVR in test 

group (1.7°±2.6°) was significantly higher than that of the control group (0.3°±2.9°). 

Table 4-5 Mean in-orthosis change of X-ray Apical vertebral rotation (AVR) within and between the test 

and control groups (transverse plane) 

Grouping Curve Category Pre-orthosis AVR In-orthosis AVR Mean difference 

of AVR 

 

Mean 

(±SD) 

Range Mean 

(±SD) 

Range Mean (±SD) 

Test (24 

Subjects) 

All Curves (n=47) 8.5 (5.9) 0-22 6.8 (5.2) 0-18 ** 1.7 (2.6) 

All Major Curves (n=24) 9.6 (4.6) 2-18 7.4 (4.9) 0-18 2.2 (2.5) 

All Major Thoracic 

Curves (n=7) 

10.9 (4.1) 2-14 8.3 (4.1) 2-12 2.6 (3.2) 

All Major 

Thoracolumbar/Lumbar 

Curves (n=17) 

9.1 (4.7) 2-18 7.1 (5.3) 0-18 2.0 (2.2) 

Control 

(39 

Subjects) 

All Curves (n=80) 6.8 (5.8) 0-20 6.5 (5.5) 0-20 ** 0.3 (2.9) 

All Major Curves (n=39) 8.7 (6.5) 0-20 7.6 (5.9) 0-20 1.1 (3.1) 

All Major Thoracic 

Curves (n=18) 

6.3 (6.3) 0-18 5.4 (5.6) 0-20 0.89 (3.5) 

All Major 

Thoracolumbar/Lumbar 

Curves (n=21) 

10.8 (6.0) 0-20 9.5 (5.6) 0-20 1.2 (2.7) 

P value <0.05      SD: Standard Deviation 

The underlined numbers indicate  the statistical significance in pre-orthosis and in-orthosis conditions in each 

subcategory (intragroup) 

** Asterisks indicate statistical significance in the mean rotation difference (correction) in comparison of two 

groups (intergroup) 

 

Table 4-6 lists the comparison of mean difference of extracted parameters in the 

sagittal plane in each group and between the two groups. The mean decrease of 

lumbar lordosis in both groups was significant as compared to the pre-orthosis 

condition. The thoracic kyphosis decreased significantly in the control group after 

the subjects fitted in orthosis. On the contrary, the mean difference of kyphosis in the 

test group in pre and in-orthosis status did not reveal any significance difference. The 

intergroup comparison of mean difference in kyphosis and lordosis parameters was 

not significant. 
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Two groups showed a barely significance difference (p=0.04) in the item of sagittal 

balance.  

Table 4-6 Mean difference of X-ray sagittal profile parameters within and between the test and control 

groups 

Grouping (X-ray) Sagittal 

Profile parameters 

Pre-orthosis  In-orthosis  Mean 

difference 

Mean (±SD) Range Mean (±SD) Range Mean (±SD) 

Test (24 

Subjects) 

Thoracic Kyphosis 

(n=24) 

28.1 (12.5) 6.0 to 

53.0 

25.8 (11.5) 4.0 to 42.0 2.3 (7.8) 

Lumbar Lordosis 

(n=24) 

45.7 (9.8) 30.0 to 

67.0 

37.6 (10.7) 21.0 to 

56.0 

8.1 (9.3) 

Sagittal balance (mm) 4.9 (23.2) -30.8 to 

45.0 

0.6 (28.3) -65.0 to 

55.0 

**4.2 (26.8) 

Sagittal 

Balance 

Status 

Balance Percentage 

(%) & 

Frequency 

(n)  

 Percentage 

(%) & 

Frequency 

(n)  

 Non- 

Significance 

66.7% (16 out 

of 24) 

54.2%  (13 

out of 24) 

Non-

Balance 

33.3% 

(8 out of 24) 

45.80% 

(11 out of 24) 

Control 

(39 

Subjects) 

Thoracic Kyphosis 

(n=39) 

28.3 (12.9) 6.0 to 

56.0 

24.7 (10.2) 5.0 to 45.0 3.6 (8.4) 

Lumbar Lordosis 

(n=39) 

50.4 (9.5) 30.0 to 

75.0 

43.8 (7.9) 30.0 to 

68.0 

6.6 (8.7) 

Sagittal balance (mm) 5.9 (24.6) -52.0 to 

49.0 

9.1 (28.2) -46.0 to 

61.0 

**-3.3 (20.8) 

Sagittal 

Balance 

Status 

Balance Percentage 

(%) & 

Frequency 

(n) 

 Percentage 

(%) & 

Frequency 

(n) 

 Non- 

Significance 

56.40% (22 

out of 39) 

43.60% 

(17 out of 39) 

Non-

Balance 

43.6% (17 out 

of 39) 

56.40% 

(22 out of 39) 

P value <0.05      SD: Standard Deviation 

The underlined numbers indicate  the statistical significance in pre-orthosis and in-orthosis conditions in each 

subcategory (intragroup) 

** Asterisks indicate statistical significance of the mean difference of sagittal plane derived parameters in 

comparison of two groups (intergroup) 
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However, the Chi-squared test did not reveal any intergroup significance difference 

in the sagittal balance while the subjects had been allocated into two categorical 

parameters of balanced and non-balanced within each group. 

Out of 11 cases in the test group diagnosed imbalanced in the sagittal plane at in-

orthosis condition, 5 were considered as anterior sagittal imbalance. More than half 

of the subjects in test group were categorized in the balanced sub-group after the 

orthosis application. The percentage of subjects with balance sagittal condition was 

approximately the same as the percentage of those subjects categorized into the 

anterior sagittal imbalance sub-group in the control group and after the application of 

orthosis. The details of sagittal balance at in-orthosis condition in both groups are 

shown in the Figure 4-3. 

 
Figure 4-3 Sagittal Balance in the test and control group after the orthosis application 

 

In Table 4-7, the comparison list of additional X-ray parameters in two conditions of 

pre-orthosis and in-orthosis in each group and between two groups is shown. The 

mean change of coronal balance did not show any significant difference neither in 

the intragroup comparison nor in the between group comparison after wearing the 

orthosis. The mean difference of clavicle angle after the orthosis wearing was 

marginally (p=0.041) significant in intergroup comparison (+1.2°±3° in test group as 

compared to -1.1° ±3.4° in control group). There was no significance difference 
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between two groups regarding the thoracic AVT as well as the 

thoracolumbar/lumbar AVT either by consideration of only major curves or 

combining all curves in each subcategory.  

 

Table 4-7 Comparison of additional X-ray derived  parameters within and between the two groups before 

and after the orthosis application 

Grouping X-ray derived 

parameters in coronal 

plane 

Pre-orthosis  In-orthosis  Mean 

difference  

 

Mean 

(±SD) 

Range Mean 

(±SD) 

Range Mean (±SD) 

Test (24 

Subjects) 

Coronal balance (mm)  

(n=24) 

-10.0 

(11.9) 

-27.0 to 

18.0 

-6.1 (15.6) -40.0 to 

24.0 

-3.9 (11.6) 

Coronal 

balance 

status 

(n=24) 

Balance Percentage 

(%) & 

Frequency 

(n) 

 Percentage 

(%) & 

Frequency 

(n) 

 Non- 

Significance 

79.2% (19 

out of 24) 

83.3% (20 

out of 24) 

Imbalance 20.8% 

(5 out of 

24) 

16.7% 

(4 out of 

24) 

Clavicle angle (n=24) 0.4 (2.8) -3.5 to 

6.0 

-0.8 (2.8) -6 to 3.6 ** 1.2 (3.0) 

All Thoracic curves 

Apical Vertebral 

translation (AVT) (mm) 

(n=17 ) 

14.2 (7.1) 3.0 to 

32.0 

13.9 (7.2) 4.0 to 

28.0 

0.3 (5.5) 

Major Thoracic curve 

Apical Vertebral 

translation (AVT) (mm) 

(n=7 ) 

18.6 (7.1) 8.0 to 

32.0 

16.3 (6.8) 10.0 to 

26.0 

2.3 (6.2) 

 All Thoracolumbar/ 

Lumbar curves Apical 

Vertebral translation 

(AVT) (mm) (n= 23) 

18.9 (9.0) 2.0 to 

38.0 

11.6 (8.3) 0.0 to 

28.0 

7.3 (8.8) 

Major Thoracolumbar/ 

Lumbar curves Apical 

Vertebral translation 

(AVT) (mm) (n=17 ) 

20.4 (9.0) 6.0 to 

38.0 

10.9 (7.3) 0.0 to 

22.0 

9.5 (8.7) 
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Grouping X-ray derived 

parameters in coronal 

plane 

Pre-orthosis  In-orthosis  Mean 

difference  

 

Mean 

(±SD) 

Range Mean 

(±SD) 

Range Mean (±SD) 

Control 

(39 

Subjects) 

 

 

 

Coronal balance (mm) 

(n=39) 

-7.3 (13.3) -36.0 to 

19.0 

-9.9 (15.1) -52.0 to 

15.0 

2.6 (13.3) 

Coronal 

balance 

status 

(n=39) 

Balance Percentage 

(%) & 

Frequency 

(n) 

 Percentage 

(%) & 

Frequency 

(n) 

 Non- 

Significance 

76.9% (30 

out of 39) 

82.1% (32 

out of 39) 

Imbalance 23.1%  

(9 out of 

39) 

17.9% (7 

out of 39) 

Clavicle angle 

(n=39) 

-1.1 (2.3) -6.0 to 

3.5 

0.1 (3.1) -7.8 to 

6.8 

** -1.1 (3.4) 

All Thoracic curves 

Apical Vertebral 

translation (AVT) (mm) 

(n=33 ) 

15.0 (9.0) 3.0 to 

35.0 

11.5 (7.6) 3.0 to 

29.0 

3.5 (7.2) 

Major Thoracic curve 

Apical Vertebral 

translation (AVT) (mm) 

(n=18 ) 

18.1 (9.2) 3.0 to 

35.0 

12.4 (6.7) 3.0 to 

29.0 

5.7 (7.5) 

 All Thoracolumbar/ 

Lumbar curves Apical 

Vertebral translation 

(AVT) (mm) (n= 37 ) 

17.3 (11.7) 0.0 to 

48.0 

13.5 (8.6) 0.0 to 

34.0 

3.9 (8.6) 

Major Thoracolumbar/ 

Lumbar curves Apical 

Vertebral translation 

(AVT) (mm) (n= 21) 

22.7 (11.3) 7.0 to 

48.0 

14.6 (9.2) 4.0 to 

34.0 

8.0 (8.0) 

P value <0.05      SD: Standard Deviation 

The underlined numbers indicate  the statistical significance in pre-orthosis and in-orthosis conditions in each 

subcategory (intragroup) 

** Asterisks indicate statistical significance of the mean difference of coronal plane derived parameters in 

comparison of two groups (intergroup) 

 



82 

 

Intragroup comparison of changes in thoracic and thoracolumbar/Lumbar AVT in 

control group revealed a significance reduction of both AVT values after the 

application of orthosis. On the contrary, in the test group only the reduction  of 

thoracolumbar/lumbar AVT was significant and the decrease of thoracic AVT after 

the orthosis wearing did not show a significance difference as compared to pre-

orthosis condition. 

The distribution chart of coronal balance at in-orthosis condition is illustrated in the 

Figure 4-4. As the bar chart plots, more than 80% of the subjects fell into the coronal 

balance group at in-orthosis condition in each group.   

 

Figure 4-4 Coronal balance in the test and control groups after the application of the orthosis 

 

The correlation analysis of in-orthosis curve correction and the parameter of coronal 

deformity angular ratio (C-DAR) conducted retrospectively after the subjects in 

either group obtained their first in-orthosis X-ray. The analysis did not show any 

significant and strong correlation coefficient in either the control or test groups or 

when the major curves of both groups were combined together. Similarly, when all 

curves combined, the trend did not indicate any moderate correlation. 
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Table 4-8 Correlation analysis between the in-orthosis curve correction and coronal deformity angular 

ratio 

Grouping Category In-orthosis 

Correction (%) 

 

Mean (±SD) 

Coronal Deformity 

Angular Ratio (C-

DAR) 

Mean (±SD) 

Correlation 

Coefficient 

P- 

Value 

Test  All Major curves 

(n=24) 

62.3 (35.6) 4.53 (1.06) -0.126 0.56 

 

Control  All Major curves 

(n=39) 

33.1 (23.7) 4.64 (1.35) -0.245 0.13 

 

Combined 

test and 

control 

All Major curves of 

both groups together 

(n=63) 

44.2 (31.9) 4.60 (1.24) -0.184 0.15 

 

 

The comparison of the orthosis compliance did not show any significance difference 

between two groups as illustrated in the bar chart displayed in Figure 4-5. The 

subjects in test group wore the orthosis on average 15.2 hours per day while the 

mean hours of bracing in control group was marked as 15.8. In terms of the 

percentage of orthosis wearing, subjects in both groups were wearing the orthosis on 

less than 70% of the prescribed hours (23 hours) per day.  

 

 

Figure 4-5 the percentage of orthosis compliance in two groups 
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4.5. Ultrasound Evaluation 

COL method was used to measure the proxy Cobb angle in the coronal plane and the 

same method was implemented for the measurement of the vertebral rotation. The 

ultrasound scanning of the trunk during the frame assessment session was taking the 

advantage of the assistance of the pre-orthosis X-ray to interpolate the X-ray image 

over the ultrasound reconstructed image to be consistent on selection of the apices 

and the upper and lower end vertebrae of each curve. On average, the pre-orthosis bi-

planar EOS whole length spine radiographs (PA and Lateral view) had been taken 

not later than 1-2 months prior to the scanning session and it was assumed that the 

curvature had not differed dramatically as compared to the pre-orthosis X-ray.  

The ultrasound scanning was conducted 2 times in standing position in order to 

compare the pre-orthosis X-ray and the baseline ultrasound standing. Then the 

subject was guided into the frame and by application of the corrective pads and 

achievement of the curve correction was monitored by ultrasound scanning inside 

the frame. 

After completing the orthosis design, the fitting session and the adaptation which 

took for approximately 4 weeks after the orthosis delivery, the subjects approached 

to the P&O clinics to provide the feedback on orthosis to the orthotists and receive 

any necessary relief or modification before the in-orthosis X-ray is being taken. The 

time gap between the orthosis checking session in P&O department and the first in-

orthosis X-ray was within 1-20 days, depending on availability of appointments in 

that department.  

The subjects were reminded to wear the orthosis on the day before the orthosis 

checking session and in-orthosis X-ray taking, as many hours as they could; This 

probably could assist to the in-orthosis X-ray and “simulated” in-orthosis ultrasound 

to represent the biomechanical effect of the orthoses in a more effective manner.  

During the orthosis check-up session and upon orthosis doffing, an ultrasound 

scanning was administrated which served as “simulated” in-orthosis ultrasound 

evaluation. The scanning was conducted in standard standing position 2 times and 

the image with better quality served as the selected image for further evaluation on 

comparison between in-orthosis X-ray and “simulated” in-orthosis ultrasound. The 
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whole ultrasound assessment in this orthosis checking appointment did not take 

longer than 15 minutes. 

The rater for the assessment of coronal approximate Cobb angle and the AVR was 

blinded from the X-ray measurements and the average of two measurements for each 

ultrasound parameter (in rounding digits) was utilized for further comparison with 

the counterpart X-ray values. The values of ultrasound in the sagittal plane did not 

evaluate as the algorithm for the calculation of sagittal parameters (kyphosis and 

lordosis) are yet under the development and different method of Spinous Process 

Angle (SPA) should be used for those calculation as compared to the COL which is 

used for both coronal and transverse plane values in the ultrasound reconstructed 

images. 

4.5.1. Pre-orthosis ultrasound and X-ray evaluation in test group 

One non-major high thoracic curve could not be detected in the US assessment in the 

casting session, therefore that unique curve was not included into the analysis of 

comparison or correlation of whole curves in the pre-orthosis analysis while it 

revealed in the in-orthosis US assessment and was included for the corresponding 

analyses. MAD (Mean Absolute Difference), SD and correlation coefficient were 

calculated to assess the difference and correlation between the X-ray measurement 

and the corresponding ultrasound values. Bland Altman plot was used to assess the 

agreement between the ultrasound and the X-ray while two boundary lines (limits of 

the agreement) indicate the Mean ± 1.96 SD. 

A Pearson correlation was conducted to examine the relationship between the Cobb 

angle and the ultrasound coronal curve measurement in the test group and at baseline 

of this study. Ultrasound values were “moderate to strong” related to X-ray in 

measurement of Cobb angle and AVR as it is shown in Table 2-1 as well as 

scatterplots displayed in  Figure 4-6 and Figure 4-7. Combining all the curves (major 

and compensatory ones) increased the Pearson product-moment correlation 

coefficient securely to the strong zone (above 0.8) to be computed as positive strong 

correlation between the two variables. 
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Table 4-9 Correlation between the pre-orthosis US measurement and the X-ray in coronal and transverse 

plane 

Assessment 

Parameter  

Categories Pre-orthosis    

X-ray 

Mean (±SD) 

Pre-orthosis 

US 

 

Mean (±SD) 

Correlation 

Coefficient   

(r) 

P-Value 

Cobb angle in the 

Coronal plane  

All Major curves 

(n=24) 

28.3 (5.2) 25.4 (5.0) 0.718 ** P<0.05 

All curves (n=46) 26.1 (6.1) 23.1 (6.1) 0.809 ** P<0.05 

Apical vertebral 

Rotation (AVR) in 

the transverse 

plane 

All Major curves 

(n=24) 

9.6 (4.6) 8.7 (3.4) 0.751 ** P<0.05 

All curves (n=46) 8.5 (5.8) 7.6 (3.7) 0.821 ** P<0.05 

 

 

 
Figure 4-6 Correlation between the pre-orthosis standing US and the pre-orthosis standing X-ray to 

measure the coronal plane curves 
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Figure 4-7 Correlation between the pre-orthosis standing US and the pre-orthosis standing X-ray to 

measure the apical vertebral rotation 

 

As the scatterplots summarize, the increase in pre-orthosis standing X-ray was 

positively correlated with the increase of corresponding values in the ultrasound 

measurements. 

The Mean Absolute Difference (MAD) and SD of the US and X-ray (Table 4-10) 

were less than 5° which was reasonable according to the clinical evaluations. 

Table 4-10 MAD and SD of US and X-ray in pre-orthosis condition 

Assessment parameter Categories MAD (±SD) 

Pre-orthosis Cobb angle in the 

Coronal plane (US vs. X-ray) 

All Major curves (n=24) 4.0° (2.5) 

All curves (n=46) 4.2° (2.6) 
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To analyze the agreement between the 2 different set of measurements (US versus 

X-ray), Bland Altman plot was traced (Bland and Altman, 1986). Good agreement 

between the two methods was depicted (Figure 4-8). The mean measurement 

difference (bias of the pre-orthosis X-ray Cobb angle minus US Cobb) was 3° and 

the 95% limits of agreement were -4.1° and 10.6°. There were only 3 points out of 

the limit range. 
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Figure 4-8 Bland Altman plot, the measurement difference of the  pre-orthosis X-ray Cobb angle and the 

US Cobb versus the average Cobb angles between the X-ray and US measurements 

 

4.5.2. In-orthosis ultrasound and X-ray evaluation in test group 

The values of US proxy Cobb angle were compared before and after the subject 

relocation into the assessment frame (Table 4-11). On average, the percentage of 

major curve correction in the coronal plane and inside the frame was almost 30% as 

major curves on average showed a reduction of 7° when sitting inside the frame and 

upon the application of pressure pads. 

Table 4-11  comparison of US proxy Cobb angle in standing versus in-frame position 

Assessment 

Parameter  

Categories Pre-orthosis 

standing US    

Mean (±SD) 

In-frame sitting 

US   Mean (±SD) 

P-Value 

Cobb angle in the 

Coronal plane  

All Major curves 

(n=24) 

25.4 (5.0) 18.7 (6.0) * P<0.05 

All curves (n=46)† 23.1 (6.1) 17.6 (5.9) * P<0.05 

† One high thoracic could not be recognized in “pre-orthosis standing” and as a result it did not included into 

the comparison of pre-orthosis/in-frame pairs at the condition of all combined curves (n=47-1) 
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The correlation between the in-orthosis X-ray and “simulated” in-orthosis ultrasound 

is summarized in Table 4-12. Based on the results of this correlation study, the in-

orthosis “simulated” Cobb angle and AVR were strongly related to the values of in-

orthosis X-ray. 

Table 4-12 Correlation between the “simulated” in-orthosis US measurement and the in-orthosis X-ray in 

coronal and transverse plane 

Assessment 

Parameter  

Categories In-orthosis 

X-ray 

Mean (±SD) 

“simulated” 

In-orthosis 

US 

 

Mean (±SD) 

Correlation 

Coefficient 

P-Value 

Cobb angle in the 

Coronal plane  

All Major curves 

(n=24) 

17.2 (8.1) 19.8 (6.7) 0.744 * P<0.05 

All curves (n=47) 17.8 (7.8) 19.0 (7.1) 0.783 * P<0.05 

Apical vertebral 

Rotation (AVR) in 

the transverse 

plane 

All Major curves 

(n=24) 

7.4 (4.9) 7.4 (3.2) 0.860 * P<0.05 

All curves (n=47) 6.8 (5.2) 6.8 (3.4) 0.826 * P<0.05 

 

The scatterplots in Figure 4-9 and Figure 4-10 display the correlation between the in-

orthosis standing ultrasound and in-orthosis X-ray on measurement of the curve 

parameters in the coronal and transverse plane. There was a strong positive 

correlation (r=0.783, P<0.05) between the “simulated” in-orthosis ultrasound and in-

orthosis X-ray in all 47 spinal curves of 24 subjects in measurement of Cobb angle in 

the coronal plane. 

Similarly, the “simulated” in-orthosis ultrasound showed a strong positive 

correlation (r=0.826, P<0.05) with the in-orthosis X-ray in all spinal curves of 24 

cases in measurement of vertebral rotation in the transverse plane. 
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Figure 4-9 Correlation between the in-orthosis US and the in-orthosis X-ray to measure the coronal spinal 

curves 

 

 
Figure 4-10 Correlation between the in-orthosis US and the in-orthosis X-ray to measure the Apical 

vertebral rotation in the transverse plane 

 

 

According to the scatterplots, a simple linear regression was fitted and calculated to 

predict the in-orthosis X-ray Cobb angle (coronal plane) based on the values of in-

orthosis standing US. A significant regression equation was found (F(1,45)=71.45, 

P<0.05) with a R
2
 of 0.614.  
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In-orthosis X-ray Cobb angle = 1.55+0.854 * (in-orthosis US proxy Cobb) 

Likewise, a simple linear regression was generated to predict the X-ray in-orthosis 

AVR based on the magnitude of US in-orthosis AVR. A significant regression 

equation was found (F(1,45)=96.42, P<0.05) with a R
2
 of 0.682. 

In-orthosis X-ray AVR = -1.80+1.262 * (in-orthosis US AVR) 

 

 

4.6. X-ray follow up of cases (pre-orthosis, in-orthosis, out of 

orthosis) 

Concurrent with the preparation of thesis draft, 10 cases in the test group had 

obtained the second X-ray after the orthosis prescription which routinely would be 

an out of orthosis radiograph. On the contrary, more cases in the control group had 

reached to the second follow-up session due to the different size of groups. To run a 

two-way mixed repeated measure ANOVA (repeated measures with a between 

subject factor), the first 10 cases in the control group were matched to those 10 

subjects in the test group to meet the pre-requisite of this statistical analysis to 

analyze the equivalent number of cases in each group. A 2X3 ANOVA with “Group” 

as an independent factor and the “Time” (pre-orthosis session, in-orthosis session 

and follow-up session) as a within-subjects factor was run to evaluate the following 

items between and within groups: coronal plane Cobb angle, AVR, thoracic 

kyphosis, lumbar lordosis, coronal balance, and sagittal balance. Tukey’s post hoc 

comparison was conducted in case where significance was observed. By evaluation 

of tables of pairwise comparisons, the simple main effect was analyzed, as well. It 

was related to the comparison of the effect of grouping at different X-ray sessions.  

Table 4-13 shows the intra and intergroup comparison of X-ray parameters in 3 time 

points of pre-orthosis, in-orthosis and out of orthosis follow-up. 
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Table 4-13 X-ray comparison of subjects in 3 timeslots (pre-orthosis, in-orthosis, first out of orthosis 

follow-up) 

Grouping Parameter Pre-orthosis  In-orthosis Follow-up 

Mean 

(±SD) 

Sig. 

between 

Groups 

at this 

time 

point 

Mean 

(±SD) 

Sig. 

between 

Groups 

at this 

time 

point 

Mean 

(±SD) 

Sig. 

between 

Groups 

at this 

time 

point 

Test 

(n=10) 

Coronal  plane 

Cobb angle (All 

Major Curves)  

27.9 (3.8)  17 (8.4)  21.5 (11.9)  

AVR (All Major 

Curves)  

9.0 (4.0)   6.6 (4.7) *  9.8 (5.5) *  

Thoracic 

Kyphosis  

29.5 

(10.2) 

 24.9 (9.9)  24.8 (10.3)  

Lumbar Lordosis 47.5 

(10.8) 

 38.8 (6.4)  42.5 (6.2)  

Coronal Balance 

(mm) 

-11.5 

(14.1) 

 -10.5 (18.3)  -13.4 (12.7)  

Sagittal Balance 

(mm) 

8.5 (21.6)  13.6 (25.5)  9.0 (31.8)  

Control 

(n=10) 

Coronal  plane 

Cobb angle (All 

Major Curves)  

28.3 (7.1)  23.4 (8.4)  27.9 (9.7)  

AVR (All Major 

Curves)  

9.0 (5.6)  8 (5.2) *  10.0 (5.3) *  

Thoracic 

Kyphosis  

30.6 

(13.2) 

 25.2 (11.5)  24.9 (11.7)  

Lumbar Lordosis 46.2 (9.1)  41.6 (8.6)  44.8 (10.9)  

Coronal Balance 

(mm) 

-7.3 (11.0) 

** 

 -13.5 (19.1)  -14.2 (10.7) 

** 

 

Sagittal Balance 

(mm) 

9.1 (19.5)  4.5 (32.9)  -2.8 (15.8)  

Underline indicates  the significant difference within groups (pre-orthosis vs. in-orthosis) 

One Asterisk (*)  indicates the significance difference within groups (in-orthosis vs. follow-up) 

Two asterisk (**)  indicate the significance difference within groups (pre-orthosis vs. follow-up) 

† sign indicates the significance difference between groups 

 

It is worth noting that while the p-value represents the statistical significance of the 

main effects and or interactions in ANOVA analysis, the partial eta squared (ƞ2
) is 

an indicator of the magnitude of these effects. 4 out of 6 parameters in this ANOVA 
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analysis showed significance for the main effect of “Time”. The value of effect size 

in all these 4 analyses with the significance of main effect was beyond 0.14 as a cut-

off point for the large effect. The analysis of two parameters of sagittal balance and 

coronal balance did not illustrate any significance for the main effects. Furthermore, 

the analysis showed that in none of these 6 parameters, a significant main effect for 

the “Group” factor or the significant interaction between the “time and group” could 

be found.  

In analysis of lumbar lordosis a significant main effect of the time factor 

(F(2,36)=5.53, p<0.05, ƞ2
=0.23) was observed. Without consideration of grouping 

factor, the lumbar lordosis reduced significantly at in-orthosis condition as compared 

to the pre-orthosis status. By adding the factor of grouping, the table of pairwise 

comparison showed that the decrease of lumbar lordosis between the pre-orthosis 

condition and in-orthosis condition was significant in the test group. Table 4-11 

provides a graphical representation of changes in the lumbar lordosis across the three 

appointment sessions in each group.  

 

 

Figure 4-11 the change of lumbar lordosis from the pre-orthosis appointment to the check-up session 

As indicated in this line graph, the lumbar lordosis dropped drastically on in-orthosis 

session but thereafter, gradually showed an increase at the follow-up session though 
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remained lower than the corresponding values at pre-orthosis (baseline) condition. 

Similar trend was observed in the control group though the reduction of lumbar 

lordosis to 41° on in-orthosis condition was not significant as compared to test 

group.  

Likewise, the analysis of thoracic kyphosis manifested a significant main effect of 

the time factor (F(2,36)=6.15, p<0.05, ƞ2
=0.25). By discarding the effect of grouping 

factor, the mean difference of kyphosis reduction in pre-orthosis to in-orthosis 

condition as well as pre-orthosis to follow-up out of orthosis condition were 

significant which indicated that the decrease of kyphosis will be kept even in out of 

orthosis condition as compared to the pre-orthosis condition. However, once the 

factor of grouping was added to the pairwise comparison tables, there was no 

significant difference amongst two groups in 3 time points and the changes of 

kyphosis degree in an intragroup comparison did not reveal any significance 

difference as they had almost similar trend in reduction of kyphosis value at in-

orthosis condition as well as out of orthosis condition. 

Assessment of AVR parameter in major curves represented with a significant main 

effect for the time factor as (F(2,36)=9.66, p<0.05, ƞ2
=0.35). By neglecting the effect 

of grouping factor, the mean difference of AVR decreased significantly from the pre-

orthosis to in-orthosis condition and then a significant increase was observed to the 

mean difference of AVR from in-orthosis condition to the X-ray obtained at follow 

up session. The changes in the AVR in major curves across the three appointment 

sessions in each group are represented in line plot displayed in Figure 4-12. 
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Figure 4-12 Transverse plane AVR change from the pre-orthosis appointment to the control session 

 

As the Figure 4-12 represents, the sharp plummet of AVR value in test group 

resulted in significance reduction of vertebral rotation dissimilar to the decrease of 

rotation in the control group; however while taking the first out of orthosis, the 

vertebral rotation showed a significance increase in both groups to reach to 

approximately 10°. 

Finally, the analysis of Cobb angle in the coronal plane and in major curves 

illustrated a significant main effect for the time factor as (F(2,36)=13.99, p<0.05, 

ƞ2
=0.44). Without consideration of grouping factor, the mean difference of curve 

reduction from the pre-orthosis to the in-orthosis condition showed a significant 

declining trend. By adding the factor of group up, it was demonstrated that the in-

orthosis curve reduction was significant in both groups (intragroup analysis) while 

the mean difference of 6.4° in curve reduction at in-orthosis condition was not 

recognized significant (intergroup analysis) though represented the superiority of the 

curve reduction in test group as the curve decreased to 17° on average. 
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Figure 4-13 Coronal plane Curve change from the pre-orthosis appointment to the control session 

 

As Table 4-13 indicates, there was no significant difference between the two groups 

at each of those three time points though the significant intragroup comparisons have 

been highlighted in the table. 

 

 

4.6.1. Curve Progression at follow-up session 

The classification and allocation of the subjects in progression cases versus curve 

stability in each group and according to the comparison of out of orthosis X-ray with 

the pre-orthosis X-ray are illustrated in Table 4-14. The comparison of pre-orthosis 

X-ray and first follow-up X-ray facilitated the curve condition to be subcategorized 

into the three groups of curve reduction, where the major curve had been decreased 

as compared to the pre-orthosis status, curve stability which was defined as the curve 

difference showed a value within the range of 0 to 5°, and the curve progression in 

which the magnitude of the pre-orthosis and out-orthosis X-ray exceeded 5°. 
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Table 4-14 Progression status of the curves in the follow-up X-ray 

Grouping Mean (±SD) Range Major Curve status 

(pre-orthosis X-ray minus 

follow-up out of orthosis 

X-ray) 

Frequency Percentage 

Test (n=10) -6.4 (10.2) -23 to 8 Curve Reduction 

(difference < 0°) 

7 70% 

Curve stability 

0  ≤ difference ≤ 5°) 

2 20% 

Curve Progress 

Difference > 5° 

1 10% 

Control (n=10) -0.4 (5.1) -7 to 8 Curve Reduction 

(difference < 0°) 

5 50% 

Curve stability 

0  ≤ difference ≤ 5°) 

3 30% 

Curve Progress 

Difference > 5° 

2 20% 

Negative value in mean and the range indicates the curve reduction 

 

This chapter included all statistical analysis pertaining to the collected data. The next 

chapter will discuss the main finding of this chapter yet justify the significance or 

non-significance of parameters to address the research questions of this research. 

  



98 

 

5. CHAPTER 5: DISCUSSION 

Based on the results analyzed in the previous chapter, justifications are attempted to 

be provided. Limitations of current study and the potential clinical applications will 

be mentioned at the end. 

 

5.1. Design and development of the whole system 

Previously, it was a controversial topic on whether the spinal orthosis can effectively 

reduce the risk of curve progression or not. Rigid orthoses are the common method 

of the orthotic treatment in controlling the spinal curvature. In a multicenter 

randomized trial study, Weinstein et al. (2013) confirmed that the bracing is effective 

in reduction of the high risk curves and this is attributed to the duration of orthosis 

weaning on daily basis. Also, it is worth noting that both elements of orthosis 

wearing quantity and quality contribute to the effectiveness of spinal orthoses. As 

investigated by Lou et al. (2012), the integrated analysis of quantity and quality of 

orthosis wearing had a moderate relationship with the alteration of Cobb angle 

(r
2
=0.47). For decades, the basic principle of 3 point pressure system has been stated 

as the main guideline in the process of biomechanical force application to the torso 

and underlying spine (Figure 5-1). With regard to the direction of force application, 

to the best of our knowledge, there is an agreement on application of the forces in a 

posterolateral direction to the main curves in thoracic and lumbar regions. It has been 

postulated and clinically accepted that the force to the thoracic curves can be applied 

through the corresponding ribs at the level of just below the apex while in the lumbar 

region the forces need to be transferred to the vertebral transverse process through 

the paraspinal muscle at the level of apex. This is a subjective non-documented 

method with high chance of bias imposed by the experience and clinical judgment of 

the orthotists in the process of spinal orthotic design. Beneficial attempts have been 

made to evaluate the biomechanical effect of spinal orthotics through the application 

of numerical model application and designing the virtual orthoses by FEM.  

Recently, the combined technology of 3D reconstruction of X-ray, FEM and 

CAD/CAM system have been implemented to test and modify the virtual orthoses 
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before the application of real orthosis to the patients and in an enhanced level of  

effectiveness as compared to a standalone CAD/CAM-based orthosis (Cobetto et al., 

2016, Pea et al., 2018); Despite the advantageous feature of such studies, the 

technologies which would be able to estimate the in-orthosis correction in a real 

environment and on patients’ torso before the application of the orthosis might be 

preferred, as well.  

 

Figure 5-1 Principle of 3 point pressure system 

 

On the other hand, the current practice of clinics to rely on the in-orthosis X-ray 

results of the pad application after the orthosis delivery might postpone the process 

of effective treatment if the curves do not get well-controlled upon the application of 

orthosis.  

Until now, in many clinics around the world, the scoliotic adolescents go through the 

process of plaster wrapping (casting) or CAD/CAM scanning of the torso to generate 

a replica of the torso geometry without application of any strategic pressure applied 

to the trunk while the casting (CAD/CAM scanning) is performing. For those centers 

who apply the corrective pressure during the casting, yet the process is solely 

subjective and according to the experience of orthotist on the magnitude of the force 

he or she is going to apply on initial model without taking any objective documented 

feedback from the curvature, while the remaining modification will be implemented 

during the real or virtual rectification stage. 
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If there would be a method to monitor and document the response of the spinal 

curvature to the applied forces during the assessment session, it might potentially 

increase the in-orthosis correction of the curves before the fabrication of real orthosis 

to enhance the biomechanical effectiveness of orthosis. As it has been reaffirmed in 

many studies, the initial in orthosis correction plays a crucial role in the long-term 

effect of orthotic treatment and therefore, if such a technology can increase the in-

orthosis correction, it will probably influence the prognosis of the prescribed orthosis 

in a longer term process, as well. This was the initial motivation for this research to 

investigate on any possible method to monitor the potential correction to the spinal 

curvature during the assessment session and in a better documented method 

augmented to the clinical judgment and expertise of the orthotists. 

The ultrasound system has been implemented in previous studies and it has been 

shown to be a reliable and valid method for the measurement of the spinal curves in 

the coronal and transverse plane (Wang et al., 2016, Zheng et al., 2016b, Young et 

al., 2015). Since the ultrasound is a non-ionizing method, it has the advantage to be 

applied and repeated frequently with no harm on subject’s health. At the same time, 

this system has the benefit to analyze the curvature in 3D feature to mimic the 

curvature in a more realistic presentation as compared to 2D plain X-rays. 

A controlled-environment where the magnitude and direction of forces can be 

objectively monitored and tuned, aroused the curiosity to this research to design and 

develop a frame where the AIS subjects can be fitted into the system to apply the 

corrective forces to the trunk during the measurement session to ease the process of 

post-rectification to the captured shape of trunk. Designing such a frame necessitated 

a modular system adjustable to variety of subjects with different body size, and 

bolsters and pads with complete range of motion in the space to be implemented and 

accommodated in any direction the orthotists may find proper for application to the 

trunk. The position of plastic pads in this frame could be documented by using the 

pressure/orientation system mounted to the plastic pads to regulate the air inside the 

air bladders touching the subject’s torso. At the same time, such a frame could 

decrease the trunk excessive movement. If these perturbations do not get controlled, 

it may negatively affect the process of trunk shape obtaining as well as ultrasound 

scanning. 
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CAD/CAM systems have been deployed in many prosthetics and orthotics centers 

worldwide and it has been maintained that it can generate the trunk shapes in a 

higher efficiency than the conventional plaster casting with analogous clinical 

outcomes in terms of curve correction (Wong, 2011).  

Therefore, an integrated system including a custom-design frame with pads and 

pressure/orientation monitoring system, a 3D clinical ultrasound system and 

CAD/CAM technology was developed to fulfill the objective of this research to 

explore an alternative setting to the conventional spinal orthotic assessment method 

in preparation for the AIS orthosis design.  

After completing the design of this system, the feasibility of whole system was 

evaluated by recruiting subjects with the normal spine as well as scoliotic cases 

before conducting the real clinical trial. Repeated modifications were applied to the 

frame to make it more feasible to the scanning process, including the material 

selection to prevent the interference between the assessment frame and GPS 

transmitter of the ultrasound system, adjustment of the size of pads and the bolsters 

to provide a partially clear space around the subject and decrease the artifacts of 

CAD/CAM scanning, and consideration of the strategies to make an standard 

position for the subjects sitting inside the frame to make it more consistent across the 

subjects recruited in this study. 

Different corrective and stabilizing pads were designed in this study including the 

right and left side thoracic and lumbar pads, axillary pads as counterforce strategy, 

pelvic pads to stabilize the pelvic during the scanning where the subjects were sitting 

inside the frame, and the abdominal pad to apply the necessary forces to the patient’s 

belly to increase the intra-abdominal pressure and yet increase the effectiveness of 

the contact of lumbar pad with the corresponding vertebrae. The neck ring was 

included to remind the head in proper position in response to the trunk in a more 

balanced position in both coronal and sagittal plane. 

The response of the spine to the corrective pads was monitored through a quasi-real-

time reconstruction of the spinal curves in the ultrasound system where the pre-

orthosis X-ray (obtained not earlier than 2 months prior to the orthotic assessment 

session) served as a complementary document and gold standard for selection of the 

corresponding end vertebrae to measure the curves. Nevertheless, the calculation of 
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the ultrasound curves was considered as a semi-automatic system as it yet required 

the selection of bony landmark in the reconstructed 3D shape of the spine as well as 

corresponding image in the transverse view. Upon selection of the curve boundaries, 

the magnitude of the curve was calculated automatically. 

The location and orientation of the pads were chosen according to the expertise and 

suggestions of experienced orthotist to apply the appropriate force to the subject’s 

trunk and being monitored and tracked through the values extracted from the 

ultrasound system and the pressure bladders. 

The arrangement and orientation of the pads could be further adjusted if the 

correction did not meet the basic expectation of the orthotist to perceive 30% of 

correction according to the ultrasound reconstructed image. The magnitude of the 

pressure in bladders could be increased from the range of 60-80 mmHg to 80-100 

mmHg and the orientation and placement of the pad yet could be altered. However, 

due to the time constrains of subjects and their families, the maximum modification 

of the adjustment for each case was limited to two trials confirmed with the 

ultrasound measurement followed by the new arrangement of the corrective pads, if 

any. 

The system could not manage and did not target the high thoracic curves directly 

through the specific designed pads such as shoulder cuff or strap for this purpose and 

basically this study did not include any subject with the “major” high thoracic 

curves, however in case of subjects with compulsory high thoracic curves, it was 

sought to keep the axillary pad in a higher level and in a proper direction opposed to 

his or her curve to provoke the subjects take a more natural posture. At the same 

time, the neck ring yet served as a reminder to maintain the head posture in proper 

alignment to the trunk. 

 The application of the assessment frame in this study accords with the research 

conducted by Lou et al. (2017). In their study, 34 subjects with AIS were equally 

assigned into the test and control groups where the orthoses for the subjects in the 

test group was designed based on an augmented system of ultrasound, pressure unit 

and standing Providence orthosis design system. They emphasized that the patients 

in the test group could benefit from that system to require less adjustment and 
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follow-up X-ray. The paper could not present the final outcomes as some patients 

were yet under the treatment at the time of paper publication.   

While utilizing the pressure/orientation system and the ultrasound machine is 

consistent with the method and system Lou et al. (2017) had developed, however 

there are many items  different from that research. The frame used in that study was 

a customized modification to the original Providence frame. This frame is basically 

used for the casting purpose of AIS subjects in the supine position. In that study, a 

slot was incorporated into the frame to keep it appropriate for the access to the 

backside of subjects’ trunk in ultrasound scanning. This arrangement of frame 

basically made it impossible to conduct a direct CAD/CAM scanning since only the 

front half of the body was exposed for any scanning and the remaining posterior part 

was completely blocked by the table. Furthermore, as depicted in Figure 5-2, the 

pads had less possibility to be aligned in space and in any specific plane between the 

coronal and sagittal plane. The pads mostly applied in a plane adjacent to the coronal 

plane and in ML direction due to the technical constrains of the frame.  

The subjects stood up in that system and upon the application of corrective force and 

by documentation of pad placement and pressure, they left the pads to be wrapped by 

plaster around the trunk to facilitate the geometry capture of trunk. Before the plaster 

gets dried, they moved to another original Providence table in which the bolsters had 

been assembled according to the documented values of the customized one to 

provide a simulated identical environment for the subject interchangeably. The 

subjects remained in the supine position inside the table until the plaster complete 

dried.  Finally the plaster (negative cast) was removed from the subject’s trunk and it 

was scanned by a laser CAD/CAM system to duplicate a digital version of negative 

mold to proceed for the fabrication of positive model and orthotic design. 
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Figure 5-2 The customized Providence system used by Lou et al. (2017) 

 

The removal of subject from one frame to the other and different positioning of 

subjects between standing and supine and attempt to simulate the identical level of 

pressure in air bladders all could be considered as limitation to the previous study. 

The thickness of plaster during the process of casting and time to complete dry 

would be a constraint to prevent the bladder and bolster apply the force directly to 

the torso. Furthermore, the height of the body in standing and the effect of 

gravitational forces in that position will differ between these two positions which 

might change the outcome results. 

In our study, the subjects were requested to sit inside the frame. Although it is 

understandable that sitting may not exactly represent the curvature in standing 

position, but this study cohered with the conventional practice of orthotic design in 

the hospital where all subjects were recruited as the subjects in the control group 

were asked to sit on an adjustable chair before the application of laser scanner to 

capture their trunks’ shape. The subjects in the test group were sitting inside the 

frame during the whole procedure of assessment session except in the beginning in 

which the initial standing ultrasound scanning was conducted in out of frame 

condition. The frame design could facilitate the subjects to move less specially 

during the ultrasound scanning and the final CAD/CAM scanning to decrease the 

potential artifacts that those scanning may induce. The pad orientation and direction 

could be adjusted in any direction chosen by the orthotist to induce a more 
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posterolateral directed force rather than a force in purely coronal or sagittal 

orientation as illustrated in Figure 5-3.  

 

Figure 5-3 ultrasound scanning of patients in this study while the pressure pads were applied 

 

Figure 5-4 illustrates how the thoracic pad in this case was applies through a 

posterolateral direction and concurrently in an upward direction rather than being 

vertical. For the purpose of documentation, assisted by the coordination recording 

system, the location and orientation of the pads could be monitored objectively 

through the x, y, and z attributes of global coordination system. As depicted in this 

figure, the alignment of the spine was additionally checked with the laser line system 

to enhance the coronal balance before running the CAD/CAM and in intervals during 

the ultrasound scanning. 

 

Figure 5-4 the application of thoracic and lumbar pad in a better documentation method to locate the pad 

placement while the pads can be aligned in a complete free range of degrees  
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It should be noted that the number of pressure system units Lou et al. (2017) used 

could represent better pressure distribution as compared to our study. We only used 

two pressure/orientation units which were mainly used and adhered to the thoracic 

and lumbar plastic pads. Due to the technical problems, we had not further active 

units during the scanning procedure to check the force distribution of more than two 

regions simultaneously. 

Furthermore, the previous study delineated the number of subjects in each group 

required the first and second orthosis adjustments. There was only 1 case in their test 

group required the further adjustment. We did not arrange such a comparison as the 

reason of patients for the adjustment varied in a spectrum include:  the impingement, 

discomfort of the orthosis, inappropriate magnitude of pressure in the pad regions, 

and improper location of the pressure pads. We had 2 cases in our test group needed 

further pad pressure as they were not wearing the orthosis in appropriate pressure 

level and simultaneously the orthosis had not conformed well to the implemented 

thoracic modification to make the pressure in a sub-optimal level. On the other hand 

and to our best of knowledge to follow up the cases, no cases up to now has been 

referred to alter the pad location. We did not collect similar information in the 

control group due to the range of the modification and difficulties to chase the follow 

up and adjustment sessions of all 39 cases in the control group. 

  

5.2. Scanner in CAD/CAM system 

Conducting a statistical analysis in the previous chapter did not reveal any significant 

difference across three different scanners tested to choose the appropriate scanner for 

conducting the study. A series of measurement on a mannequin model were arranged 

with tape and caliper as reference and 3 different scanners. ScanGosh laser scanner 

was already ruled out as the GPS tracking system in that scanner was influenced by 

the ultrasound GPS system. The Spectra Scanner which is a type of structure light 

scanner could serve as a proper scanner if there would be no obstacles around the 

targeted object (in this case the AIS subjects). On the contrary, the structure sensor 

scanner is considered as a portable wireless scanner which makes the process of 

scanning more user-friendly. Unlike Spectra which require different calibration in 
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response to different colors, the Structure sensor can simultaneously scan the 

different colors provided that there would not be a very shiny surface in the object 

being captured. The distance between the subject’s trunk and structure sensor was 

considered as 40-60 cm range and the speed of scanning was arranged as such the 

number of frames per second fall within the reasonable range of 20-30 frames per 

second  (Figure 5-5). Color feedback in the mobile phone screen guided the user if 

the distance between the scanner and trunk got too close or fell out of the range of 

good-quality scanning. If the scanning was conducted too fast, the scanning track 

was lost and it required to be repeated. The scanner used a single safe infrared 

projector and a single infrared sensor (camera). The software for the acquisition of 

the mesh and triangles data to reconstruct the 3D shape of the scanned object is 

accessible by synchronization of the mobile phone app with the PC or laptop. As 

compared to the Spectra, the precision of the structure sensor is lower (0.5 mm) yet 

the fidelity of the scanner can be considered high enough to manage the scanning of 

the torso. This sensor encapsulates a rechargeable battery independent from the 

charging of mobile phone/tablet (Shah and Luximon, 2017).  

 

Figure 5-5 Structure Sensor mounted on iPad provides visual feedback to the operator during the 

scanning process 

 

Although the lighting and environmental condition was kept consistent across 3 

different scanners to capture the model shape, it could be considered as a 

shortcoming to this test as all measurements were carried out on a static mannequin 
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model rather than the human being. Later, another comparison was conducted 

between the Structure sensor and ScanGosh laser scanner on AIS subjects recruited 

in control group to increase the certainty of selection of structure sensor. 

It was observed that the Structure sensor may systematically overestimate the 

circumference measurement in some cases, however it was not detected as a 

significantly and clinically challenging issue since in a scale of trunk scanning, few 

millimeters of difference may not affect the results unduly. In addition, by knowing 

this and considering the reference measurement in all cases, we were able to tune the 

scanning measurement of the Structure sensor to the referencing one in the 

processing software in case of constant overestimation.  

 

5.3. Ultrasound Evaluation 

5.3.1. Correlation analysis 

The US measurement in the coronal plane was applied to the subjects in the test 

group and was compared to the pre-orthosis X-ray. The preliminary finding of this 

study indicated a good correlation between the two modalities in terms of curves 

magnitude as we found a significant correlation of (r=0.72) in Cobb angle parameter 

of major curves between the pre-orthosis X-ray measurement and US pre-orthosis 

values. Likewise, a significant correlation (r=0.75) was observed in the AVR 

parameter of major curves between the pre-orthosis X-ray and US pre-orthosis 

scanning. The result is in partial accordance with the previous studies. Li et al. 

(2015) reported a strong correlation (r=0.90) between the SPA measurement in 

ultrasound scanning and the X-ray at the pre-orthosis stage. It is worth noting that 

the US measurement in our study was the average value of 2 measurements 

conducted by the researcher on subjects in the experiment group. The number of 

total curves input into the correlation test was 24 major curves and the increased 

number of the curves as calculated by the total curves did increase the correlation as 

the correlation to fall into a stronger band (above 0.8). Also, it should not be 

neglected that there were different methods utilized in these 2 studies where Li et al. 

(2015) used the SPA method to measure the Cobb angle as opposed to the COL 

deployed here. 
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Similar approach was implemented on those subjects in the orthosis fitting visit to 

evaluate the immediate effect of the orthosis on US parameters and approximate the 

measurements of in-orthosis X-ray. Since the posterior opening of the orthosis was 

not wide enough for the test of ultrasound scanning in status of orthosis donning, the 

subjects needed to take off their orthoses for the test of US. It was not suggested by 

the orthotist in this project to make the posterior opening wider than their regular 

practice to facilitate the in-orthosis ultrasound scanning as it might negatively affect 

the structure and biomechanical properties of the orthosis in lumbar region where the 

pads should be closer to the mid sagittal plane as compared to the thoracic pad. The 

subjects already had been asked to wear the orthosis as many hours as possible the 

day before the follow up session. This would probably help to see a more realistic 

picture of orthosis effectiveness. Although the study conducted by Li et al. (2014) 

showed a 2-hour time lag between the application of orthosis and its effeteness, the 

compliance and the quality of orthosis wearing before the application of US is 

considered as key elements ,as well. According to the observations in this research, 

some cases had not worn the orthosis for hours especially during the summer due to 

the high humidity and the cumbersome appearance of the orthosis. In some cases and 

despite the notice of orthotist in the fitting session, the orthoses had not been worn at 

the level of prescribed tightness. As a result, the US scanning in the follow-up 

session may not represent the actual effectiveness of the orthosis. Furthermore, the 

in-orthosis X-rays basically were taken 1-20 days after the US assessment of the 

“simulated” in-orthosis condition which may induce some minor differences 

Nonetheless, A positive significant correlation between the in-orthosis X-ray and 

“simulated in-orthosis” ultrasound measurement (r=0.74) were found to measure the 

major curve Cobb angle in the coronal plane. The results for the correlation of in-

orthosis X-ray and in-orthosis US was more prominent as it was calculated as 

(r=0.86). According to this in-orthosis correlation a simple linear regression was 

proposed that it might need adjustment and can be improved upon the recruitment of 

increased number of subjects into the study and consideration of other factors into 

the formula. 
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5.3.2. Other ultrasound findings 

One high thoracic could not be detected in this study in the pre-frame stage where 

the subjects did the scanning in the standing position. It was consistent with the 

findings of Zheng et al. (2018a) as they found 4% of missing curves in the study of 

ultrasound evaluation of 200 children. The reason for missing this moderate high 

thoracic curve (with the X-ray magnitude of 21°) might be attributed to the unwanted 

change of the neck position which basically may affect the curvature of underlying 

vertebrae. In that specific case, the subject in out of frame standing position had no 

control on his neck to be implemented. As a standard protocol, we advised the 

subjects to stand quite close to the wall during the scanning and do not bend their 

neck to any side. It might be the reason this curve was missing. Zheng et al. (2018a) 

found 13 missing curves in their study while two curves were classified as moderate 

high (upper) thoracic curves with the magnitude of 25° and 38°. 

The MAD±SD of the pre-orthosis ultrasound and pre-orthosis X-ray in major curves 

of this study showed the value of 4.0°±2.5° which was higher than the results of 

Zheng et al. (2016a). In their study, the MAD was measured in two conditions of 

calculation on standalone ultrasound image versus the ultrasound measurement aided 

by interpolated X-ray which were 2.6°±2.3° and 3.2°±2.8°, respectively. Later the 

same research team found an improved level of MAD by taking more experience on 

ultrasound measurement. It should be mentioned that our study was conducted on 

only 24 major curves and increase in the number of calculated curves may improve 

the results being closer to the findings of aforementioned team. In this study, the 

rater was blinded to the results of curve measurements but in most of the cases, a 

side by side comparison of pair of pre-orthosis X-ray and out of frame ultrasound 

scanning, and the pair of in-orthosis X-ray and “simulated” in-orthosis ultrasound 

was conducted. The X-ray overlay or side by side comparison was a helpful process 

to identify the apices and the upper and lower end vertebrae level to decrease the 

error of choosing wrong level of vertebrae. In our study, we used the UEV and LEV 

in database which had been measured by experienced orthopedic surgeon. As 

mentioned earlier, the measurement of all X-ray parameter and US measurement 

were conducted by the rater of this study and were conducted twice with one week 

gap to diminish the effect of learning and memory to the second trial of 
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measurement. Figure 5-6 depicts the overlaid image of ultrasound image on top of 

X-ray in one the subjects in the test group. For the purpose of calibration specific 

landmarks in US and X-ray should be coordinated together to facilitate the software 

automatically superimpose one image on top of the other in the level of transparency 

preferred by user. 

 

Figure 5-6 Overlay of out of frame ultrasound on pre-orthosis X-ray to facilitate the US measurement with 

the aid of radiography 

 

There is some room for the improvement of this study in terms of the ultrasound 

measurements. The comparison of pre-orthosis standing US with the in-frame sitting 

US showed a significant difference of 7° and the percentage of correction to almost 

30%. Although significant, the average of 30% curve reduction interprets as the 

basic curve correction in a clinical setting. In this study, we only run on the 

maximum 2 in-frames scanning and the whole procedure of the experiment in 

assessment session (including the ultrasound scanning, pad application and 

CAD/CAM scanning) took less than 1.5 hours. According to Li et al. (2014), the 
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viscoelastic properties of the spine and the surrounding tissues causes a time lag of 2 

hours to represent the maximum curve reduction of the orthosis (here the frame 

system) to appear. The limited time of whole procedure in our study might cast 

shadow not being able to obtain the maximum level of correction. On the contrary, 

there is an argument that ultrasound measurements usually underestimate the X-ray 

values. As Zheng et al. (2016b) showed in their study a regression equation of 

Y=1.179X (R
2
=0.76) should be applied to transform the values of the Scolioscan 

ultrasound machine (X) to the corresponding X-ray values (Y). Although in our 

study we used the SonixTablet machine and it may use different algorithm and 

method for the  curve calculation (COL versus the SPA), the satisfactory observed 

results of in-orthosis X-ray in our study may indicate that the values represented in 

pair of out of frame standing US to in-frame US seemingly were influenced by the 

characteristics of US underestimation and by doing so, the mean difference of two 

ultrasound measurement as well as the percentage of curve change in terms of Cobb 

angle in X-ray scale might be larger than the value calculated in the US system. Also 

according to the observation, some cases had more flexible spine where the curve 

reduction could be higher than the minimum acceptable level of correction and on 

the other edge of this spectrum, there were cases with skeletal maturity and limited 

flexibility whose spine did not respond properly during the orthotic assessment 

session and on those cases, orthotists usually tried the second round of in-frame 

ultrasound with the additional pressure level in the hope for increased curve 

reduction. Figure 5-7 shows the US data related to the case no 13 in our study with a 

thoracolumbar curve of 38° in pre-orthosis X-ray. Out of the frame evaluation of the 

curve revealed an US approximate Cobb angle of 33°. With the application of lumbar 

pad at the pressure magnitude of 80 mmHg at T12-L1 level and reminding thoracic 

pads in thoracic region as well as the pelvis and the axillary on left side, the first 

arrangement of pads which had been suggested by the experienced orthotist already 

decreased the curve to 19° US Cobb angle which indicated the percentage of 

correction above 70%. Evaluation of “simulated” in-orthosis US represented a good 

control of the curve in this case as the curve magnitude in the scale of US Cobb was 

21°. The displacement of Apical Vertebral Translation was promising as well. 
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Figure 5-7 Left to Right: Evaluation of the US in three in standing out of frame position, sitting in-frame 

condition and "simulated" in-orthosis status 

The simple linear regressions between X-ray and US were generated according to the 

results of our study though they need further evaluation including the bigger sample 

and consideration of other potential items which may confound the direct 

relationship of these two parameters. 

Finally, it should be reminded that US files in some cases do not provide a good 

quality and the landmarks might be missing in some levels (Figure 5-8). 

 

Figure 5-8 Missing laminae alongside the spinal canal 
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As suggested by Zheng et al. (2018a), an experienced operator will capture the 

ultrasound images with enhanced quality with improved accuracy in measurements 

in particular the large curves, and AVR measurements. 

 

5.4. Clinical evaluation of X-ray parameters (pre-orthosis vs. 

In-orthosis) 

The role of initial curve correction in the process of orthotic treatment of AIS 

patients is non-arguable. Studies have found out the patients compliant to orthosis 

wearing with a high initial curve reduction have a better prognosis with the curve 

correction at the end of the treatment (Chan et al., 2014b). As a principle, the more 

curve correction in the design of the orthosis being applied, the more likelihood of 

orthotic effectiveness in the initial-in orthosis X-ray.  

The result of this study showed that subjects in both groups took benefit from a 

curve correction in the coronal plane; however the percentage of curve correction in 

the coronal plane was significantly higher in the ultrasound-guided orthotic design as 

compared to the control group when it was evaluated in different sub-categories. The 

percentage and mean degree of curve reduction in the lumbar region was 

significantly (45%) higher than the value of correction in the control group (26%). 

By consideration of only thoracic curves, though both groups showed a decrease in 

the curve magnitudes, however the subjects in the frame group did not gain from a 

significant decrease of coronal plane Cobb angle as compared to the counterparts in 

the control group. The design of the thoracic pad may need further adjustment. It was 

designed according to the classic shape of the thoracic pads in the Milwaukee 

orthoses in which a L shape pad basically manages the hump in its vertical section 

and the curvature with the horizontal section where it overlays along the 

corresponding ribs of the apex and the vertebra below. To make it more feasible to 

accommodate to different subjects, the size of the pad in both directions trimmed 

partially. By making such a compromise, the thoracic pad could fit on torso and the 

results yet showed the reduction of the Cobb angle in the thoracic pad. The real-time 

visualization of the ultrasound curves was a bonus to this study since the curvature 

response could be monitored and the location of the pads in assessment frame could 



115 

 

be chosen in a documented process. As mentioned earlier in chapter 3, a few 

numbers of subjects in this study were chosen from the patients with more skeletal 

maturity. These cases had already surpassed the growth spurt and there was a lower 

chance of curve progression to happen to them, but at the same time as the bones 

were getting mature, the application of force may not be able to induce a high 

percentage of curve reduction in the initial in-orthosis X-ray. This may affect the 

mean percentage of curve correction for the whole test group on major thoracic 

curve reduction. Yet, the mature orthotic-renewal subjects could provide better input 

to the researcher regarding their perception on the applied forces as they had 

previously being fitted with the orthosis and the concept of pressure inside the 

orthosis could be replicated in assessment frame. In addition, the proportion of the 

orthosis renewal cases in both groups did not show a significant difference as they 

were recruited in both groups. Similarly on average both groups showed a TOCI 

stage of 5 to 6 which indicated that they are yet in the peak height velocity or passed 

it recently. Hung et al. (2017) found the mean age of subjects in the beginning of 

menarche as 12.6 years and the mean age at peak of growth spurt as 11.9 years. The 

TOCI 5 and 6 may indicate the initiation of the descending trend in the peak height 

velocity. 

The level of curve correction in the control group was not as high as the rate 

literature postulated. One of the reasons for this contradiction might be attributed to 

the process of orthotic design in the center where data were collected. The clinical 

practice of orthosis fabrication in that center was to thermoform the plastic sheet 

onto the carved positive mold but no vacuum would be applied to provide a full 

contact of plastic to the mold. As a result, the precise modification in positive carved 

model may not be reflected in thermoforming plastics as some of the precise 

indentation and build-ups might be neglected during the process of orthosis 

fabrication. Type of the curve pattern (thoracic, lumbar, major or double) will 

influence the potential of curve progression and the failure of correction. Single 

thoracic curves and double major patterns generally progress two times of single 

lumbar or single thoracolumbar curves (Katz et al., 1997). In this study, we did not 

have any left major thoracic curve in either test or control group as all major thoracic 

curves were directed to the right side. The majority of the thoracolumbar and the 
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lumbar curves were directed to the left side in test and control group as 88.7% and 

85.7%, respectively.  

Regarding the control of rotation, both groups showed a reduction of AVR when the 

major curves in each group were compared before and after the application of spinal 

orthosis, however there was no significant difference between two groups in terms of 

rotation reduction as it might be related to the mechanism and structure of Hong 

Kong orthosis since the Boston derived orthoses (including the Hong Kong orthosis) 

have not been specifically designed for the magnificent reduction of vertebral 

rotation.  

The reduction of thoracic kyphosis in the test group was not significant while the 

kyphosis in the control group revealed a significant plummet. Although this may 

imply that the orthoses in the test group might be more effective not to reduce the 

curves in the thoracic region, the average magnitude of kyphosis in both groups 

before and after the orthosis application was considered within the anatomical range. 

Kyphosis should be kept in the process of orthosis fabrication to prevent the spine 

transforms into the hypokyphotic position. With respect to the lumbar lordosis, 

subjects in both groups showed a significant decrease of lumbar lordosis. It has been 

suggested to keep the lumbar lordosis at 15° for the sake of biomechanical 

effectiveness in orthosis. The intergroup comparison of mean difference in kyphosis 

and lordosis parameters was not significant. 

parameters such as sagittal and coronal balance influence the in-orthosis correction 

(Lang et al., 2019a). Although not significant, the number of subjects classified in 

the sagittal balanced group decreased in both groups after the application of the 

orthosis. It may indicate that this orthosis type (based on the mechanism and trim 

lines) may have not been designed originally to increase the sagittal balance. 

Another factor to this change might be related to the adaptation of subjects inside the 

orthosis which may take few months for readjustment of new sagittal alignment and 

shifting in center of gravity. In the assessment frame, the only two items for the 

control of sagittal profile were the abdominal pad and the neck ring to keep the head 

balanced. During the frame development stage, another pad was designed to function 

similar to cow horn bars to keep the acromion prominence in both shoulder as 

straight and prevent the forward imbalance. However, it was found that more pads 
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around the body will induce more difficulties to the CAD/CAM scanning of the 

trunk. 

Regarding the coronal balance, no significance was observed between the two 

groups in terms of mean difference of coronal balance values. On average, it seems 

that the subjects in the test group tend to be shifted to the right side as the Mean ± 

SD of pre-orthosis to in-orthosis in the test group altered from -10 mm ±11.9 mm to 

-6.1±15.6. However the wide range of in-orthosis coronal balance in test group 

induces more caution since at in-orthosis condition yet there are cases with -40 mm 

trunk shifting. In general, the frame had more control on the coronal plane through 

the application of pressure pads, stabilizing pads and checking with the laser line and 

reconstructed ultrasound image. More than 50% of subjects at in-orthosis condition 

were categorized into the coronal balance category. 

The percentage of compliance in both groups was less than 70%. It necessitates 

further communication of the researcher and practitioner with the patients (Chan et 

al., 2014b); Approximately 80% of the cases did not wear the orthosis during the 

school hours and it limits their use at home. The hours that the orthosis is worn is 

significantly correlated with the treatment success (Katz and Durrani, 2001). This 

study used the subjective statement of the parents and the subject as reference for 

calculation of orthosis adherence, however the compliance monitors will provide 

more realistic documented information on number of hours that the patient wears the 

orthosis and how tight the orthosis is worn. 

The C-DAR did not reveal any strong correlation with the in-orthosis correction as it 

was stated in the previous literature. Our results contrast with what Lang et al. 

(2019b) found. In their study, the C-DAR showed a significant negative correlation 

with the in-orthosis correction and they used it as a predictor to the expected in-

orthosis correction. It is worth noting that the reason for this discrepancy in findings 

can be explained by assuming the different orthotic designs they used in their study 

as well as the confounding factors which might be neglected to calculate the 

regression equation. In the aforementioned study, the target of curve correction was 

set on 50%. The multivariate analysis may better reflect the key role of different 

parameters involve to estimate the in-orthosis correction.  
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5.5. X-ray follow up of cases (pre-orthosis, in-orthosis, out of 

orthosis) 

The comparison of those subjects reached to the first out of orthosis X-ray in three 

time points of pre-orthosis, in-orthosis and out of orthosis follow up did not show 

any significant difference between the two groups. In intragroup comparison of the 

test and control groups, the decrease of Cobb angle from the pre-orthosis session to 

in-orthosis condition was considered as significant. The coronal balance in the 

control group deteriorated from the pre-orthosis to the in-orthosis condition and it 

continued worsening in the follow-up session, as well. The biggest element of the X-

ray follow up is the significant increase of AVR from the in-orthosis condition to the 

follow up session. It seems that this orthosis is not well designed to control the AVR 

as the effectiveness easily disappeared in the follow up X-ray. The results of this 

analysis indicate that both system of conventional and frame-assisted can be 

beneficial to the patients. The comparison of progressive cases in the follow up 

session indicated that more than 70% of the cases in the test group and 50% of 

subjects in the control group revealed a curve reduction at out of orthosis in follow 

up X-ray as compared to the pre-orthosis X- ray which could be considered as a 

success rate.  

 

The analysis of X-ray parameters in our study was based on the 2D representation of 

the EOS images. In the future, if the access to the 3D reconstruction system would 

be possible, we might be able to improve the frame structure to apply the forces in a 

plane with maximum curvature in the hope for the success of orthosis treatment.  

If there would be further 3D information extracted from the X-ray, we might be able 

to adjust the corrective pads in the appropriate plane. As Figure 5-9 shows, the 

corrective pads can be divided into the attributes and the relation of this pad 

application with the coronal and sagittal plane be further analyzed. It has been shown 

that Plane of Maximum Curve (PMC) can be measured in US images, however the 

process needs to be assessed for the validity by comparison with a system such as 

EOS 3D reconstructed image (Trac et al., 2019). 
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Yet, there are controversial arguments regarding the pad placement amongst 

practitioners and this study might be a primitive to investigate on the right position 

of the corrective pads while a variety of combinations can be accounted for. (Rigo et 

al., 2006) 

 

Figure 5-9 Pressure pads in relation to sagittal and coronal plane 

 

Biomechanical evaluation of Boston orthosis in a study conducted by Mac-Thiong et 

al. (2004) emphasized on the relationship between the strap tension and the 

distribution of the forces in orthosis-trunk interface. According to the results, they 

suggested that the strap tension should be regulated as high magnitude (up to 60 N) 

for the right thoracic curves and approximately 40 N in case of double curves (right 

thoracic and left lumbar). 

The present study suggested that the combined orthotic treatment including the 3D- 

US, the CAD/CAM system and assessment frame might be helpful in controlling the 

curve progression in AIS subjects as it was assessed in the first initial in-orthosis X-

ray. Further studies with categorized patients in terms of the curvature location and 

magnitude as well as the level of skeletal maturity will further clarify the potential of 

such a system. As this is a continuous study, more solid conclusion can be drawn 

later once more data gets collected in the future. 
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The final outcome may decrease the total number of spinal surgery in scoliotic cases. 

It may facilitate to plummet of health care related costs and improved the quality of 

life in AIS subjects. 

In respect to the implications of the present research may extend well beyond the 

AIS subjects. Once the validity of sagittal profile measurements in US scanning is 

confirmed, there would be big potential for the evaluation of spinal disorders in the 

sagittal plane. The frame itself can be further updated to be a part of integrated 

system including the PMC measurement, CAD/CAM and US to enhance the 

effectiveness of orthotic design by application of the forces in the preferred plane 

(the plane with the maximum curvature). In addition, there is potential for the 

evaluation of neuromuscular scoliotic cases where they cannot control their posture 

and application of frame with the fixtures may enhance the process of cad cam 

scanning in those patients. There are cases where the Halo traction applies to reduce 

the scoliosis. Ultrasound system can be applied in this condition to monitor the Cobb 

angle changes in a non-invasive and progressive method. 
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5.6. Limitations  

There are several limitations in this study to be noted:  

Technical limitation with the ultrasound system 

The quality of US images in some cases was not satisfactory and it necessitated 

repeated scanning of the spine to obtain the images with high quality images. 

Furthermore, the reconstructed images yet need 2 to 3 minutes to run and it is not yet 

a complete real-time as this 2-3 minutes delay caused a longer experiment.  

The curves with high thoracic level could not be accommodating well in this system.  

Ultrasound has some limitations in terms of missing curves and not being applicable 

to some extreme BMI grade subjects. Exaggerated rib humps and apical vertebrae 

with severe rotation will block the access to some part of posterior arch in spine. In 

case of skinny subjects and severe rib hump, the developed silicone phantoms might 

be helpful to keep the good contact between the skin and the transducer and 

eventually improve the image quality. 

There were difficulties for the ultrasound scanning of lumbar region in cases with 

smaller body size as the pad should be applied as close as possible to mid sagittal 

line and it contradicts with the process of ultrasound scanning and the size of the 

transducer. Therefore, in those cases we made some compromise to shift the lumbar 

pad 2-3 cm offset to the original place to be able to do the ultrasound scanning yet 

could apply the effective pressure to the lumbar region. 

Time/subject constrains 

The purpose of the feasibility test was to extract the effectiveness of purpose design 

treatment regardless of the curve type. The small number of patients may not allow a 

significant comparison to be conclusive.  

The total time for a whole scanning and the pad application on each subject required 

75-80 minutes. Compared to the practice of orthotists to do the casting (CAD/CAM 

scanning) in 20 minutes, it may look longer and exhausting to some subjects and 

their parents. On the contrary, the visualization of the curve served as a good 

guidance and motivation to the subject and parents to keep the corrected posture and 
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improve the proprioception on right posture during the scanning procedure. If the 

patients could sit longer inside the frame the percentage of US curve correction 

might be even better as the curves may take longer to response effectively 

Duration of scoliotic studies necessitates a long term evaluation of the treatment 

effectiveness which does not fit into the limited time for the current study.   

Logistics 

The difficulties to settle the assessment frame in the treatment rooms of the hospital 

was challenging  as it is bulky and needs preparation before the subject sits inside. 

Limitation of X-ray appointment was another issue we faced. Generally the in-

orthosis X-ray was taken 1-20 days after the in-orthosis ultrasound and there is a 

chance two images do not fit well together. Regarding the pre-orthosis X-ray, all 

recruited subjects in the test group had a pre-orthosis X-ray not older than 2 months 

prior to the orthotic assessment session. The appointment of X-ray sessions could not 

be adjusted by researcher as well as the orthotists since it was directly handled with 

the department of radiography 

At last stage of the frame assessment session, the iliac crest strap was applied to the 

iliac crest on each side of the pelvis to make it more prominent to the scanning 

procedure, however this may affect some portion of the applied pads as the direction 

of force distracted the lumbar region further from the lumbar pad. 

The variation of orthotic fabrication amongst orthotists 

Although the orthotists follow same basic concepts in fabrication and design of the 

spinal orthosis, clinical judgment yet cast shadow on orthotic treatment. As depicted 

in Figure 5-10 , the orthoses in the storage shelf designed by 3 orthotists.  The 

amount of rectification in abdominal region as an example is the function of patient’s 

level of acceptance yet mechanically effective to increase the abdominal pressure. 

The variety of modification can be observed in this figure. For the patients in test 

group, the abdominal pad affix to the frame helped to increase the pad pressure 

during the scanning while the observation of the lumbar lordosis and feedback of the 

subject could facilitate the application of appropriate pressure before the fabrication 

of orthosis. 
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Figure 5-10 versatility of applied modification in designing of the spinal orthoses 

 

The existence of variability in different parameters  

For the balance items in the sagittal and coronal planes, we need to consider that 

even after the surgery in some cases the trunk shift emerges and these cases would 

be considered as iatrogenic (Trobisch et al., 2011). As Gomez et al. (2014) implied 

the factors such as skeletal immaturity, male subjects, and diminished correction of 

the major curves may contribute to the incidence of coronal decompensation  

It is understandable that the skeletal maturity of male and females are different and 

combining them together might be questionable, however since the proportion of 

male to female in both groups look approximately similar, it was assumed that the 

impact of late skeletal maturity in male should not unduly affect the results. 
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6. CHAPTER 6: CONCLUSION AND 

RECOMMENDATIONS 

6.1. Conclusion 

Orthotic treatment is a leading non-invasive modality in the treatment of AIS. 

Selection of optimal pressure pads with proper biomechanical configuration are the 

source of debate and controversy as it cannot be targeted by using the conventional 

methods. This study was in attempt to develop and evaluate a combined augmented 

orthotic treatment including the assessment frame, CAD/CAM system and US on 

AIS subjects. Thus, the subjects in the control group (routine orthotic design) were 

compared with the subjects in the test group (ultrasound-guided orthotic treatment) 

at baseline and after taking the first in-orthosis X-ray.  

The advantage of this proposed system is to apply strategic adjustments in the 

casting session and prior to the orthosis delivery rather than in the follow up session, 

which may postpone the effective treatment. This probably shows how effectively 

this method can enhance the orthosis treatment. 

The results from this study showed that the subjects with AIS in the test group can 

benefit from increased curve correction in the coronal, transverse, and sagittal planes 

which may be considered as good prognosis for the long-term effect of the treatment. 

Development of ultrasound-assisted orthotic treatment may improve the orthotic 

design. The final outcomes would be helpful to decrease the number of spinal 

surgeries in scoliotic cases. This could decrease the health care related costs and 

facilitate the improvement of quality of daily life in adolescent patients. 

 

6.2. Recommendations  

According to the experience of this study, different items can be suggested for the 

future development of this study. Currently it is believed that the experience of the 

operator plays an important role in the quality of good scanning process.  
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The recommendations for the future direction can be categorized into various 

subsections: 

Advancement of Technology in ultrasound hardware 

Development of ultrasound machines with a fast-processing CPU and associated 

programming may help the real-time reconstruction of the spine being feasible while 

no time delay would happen 

Mobile-based portable ultrasound units are other field of development to facilitate 

the process of scanning either in designing the orthosis or screening in schools. 

Currently different teams are working on development of such systems. 

Enhancement of ultrasound associated software 

Automatic curve measurement as well as robotic controlled scanning may decrease 

the potential of human errors as well as the factor of the experience in detection of 

the curves as well as good skin contact during the scanning procedure. There have 

been recently studies which support and proposed the structured neural network in 

calculation of the curvature (Greer et al., 2018).  

The curvatures in sagittal plane and specially kyphosis are important features in 

design of the spinal orthoses. As the 3D US system can generate a sagittal profile 

image corresponding to the coronal and sagittal, it would be advantageous to further 

validate the measurement on this plane.  

Application parameters of the plane of maximum curvature for designing the best 

pad placement and orientation can be kept into the consideration. 

Improvement of the study plan and logistics 

The frame can be further improved to accommodate the curves with high thoracic as 

well.  

Orthosis compliance monitor system might be affix to the system to evaluate the 

orthotic wearing compliance in a more scientific and objective documented method. 
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Orthosis monitor should be installed into the orthoses to check the subject’s 

compliance including the number of hours as well as monitoring the proportion of 

time in which the orthosis was worn at the prescribed strap tightness level. 

It would be helpful if the pressure units being smaller in size and then the number 

can be increased to 3 to 4 in each experiment.  

The coordination system with upgraded bug free features will help to record the 

coordination information in a more reliable method. 

It is suggested to test the different combination of forces on one subject as it might 

be a time consuming process but quite meaningful to the studies in ultrasound 

Checking the flexibility of all cases in preparation to the test is a helpful process as 

well. In our current study we only conducted the ultrasound flexibility test on limited 

subjects, but it is recommended to consider this as part of the protocol to have a 

better prognosis on potential correction of the curvature. 

3-D printing orthoses will keep the thickness of the plastic consistent on different 

areas and especially on strategic regions of force application.  
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APPENDICES 

APPENDIX A- CONSENT TO PARTICPATE IN RESEARCH 
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APPENDIX B- CONSENT TO PARTICPATE IN RESEARCH 

(CHINESE VERSION) 
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APPENDIX C- INFORMATION SHEET 
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APPENDIX D- INFORMATION SHEET (CHINESE VERSION) 
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APPENDIX E- STUDY FLOWCHART  

Agree to participate and sign consent 

1. Study visit 

a)Baseline: when bracing is prescribed and during the casting session 

b)Fitting and delivery: generally 5-6 weeks after the casting 

c)Orthotic follow up: generally 2 weeks after the orthotic delivery 

d)First in-orthosis X-ray: between 1 to 20 days after the orthotic adaptation “according to the 

appointments of laboratory of radiography” 

e)6-month interval from the baseline: x-ray of whole spine taken without orthosis for the longitudinal  

evaluation of curve progression 

2. Measurements 

a) radiographic evaluation of pre-orthosis, in-orthosis and follow up (Group I & C in visit a,d, and e) 

i. PA view 

 Cobb angle of structural curves, trunk shifting, Curve levels, apex levels, side of curves (PA 

view) 

ii.Lateral view 

 Angle of  thoracic kyphosis and lumbar lordosis, sagittal balance (Lateral view) 

 

b)Ultrasound Evaluation of curves in 3 time slots,  pre-orthosis, in frame and  in-orthosis (Group I in 

visit a and d) 

c)Coordination and pressure values of pressure system applied to the pads  (Group I in visit a) 

d)CAD/CAM scanning and recording the trunk shape inside the frame  (Group I in visit a) 

e)Anthropometric and demographic measurement (Group I & C in visit a,d, and e) 

f) Compliance (Group I & C in visit a,d, and e) 

Termination of the orthotic treatment at: (1) maturity (2) surgery intervention (3) subject decline to continue 

Suitable candidate 

Prospective control trial 

Ultrasound-guided orthotic group (Group I) n=25 Conventional orthotic group (Group C) n=25 

Comparison between Group I and Group C according to SRS standardized orthosis studies criteria. 

Successful treatment under each outcome criterion is defined as follows: 

1. Changes in Cobb angle ≤ 5°, and;  

2. No surgery for scoliosis is indicated, and;  

3. Cobb angle remains ≤ 45° at the end of the study. 
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