
 

 

 
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 



 

 

 

 

 

THREE-DIMENSIONAL ASSESSMENTS OF 

ADOLESCENT IDIOPATHIC SCOLIOSIS USING 

THREE-DIMENSIONAL ULTRASOUND 

 

 

WANG QIAN 

 

PhD 

 

The Hong Kong Polytechnic University 

 

 

This programme is jointly offered by The Hong Kong Polytechnic 

University and Sichuan University 

2018 



 

The Hong Kong Polytechnic University 

Department of Biomedical Engineering 

Sichuan University 

Department of Rehabilitation Medicine 

 

Three-dimensional Assessments of Adolescent Idiopathic 

Scoliosis Using Three-dimensional Ultrasound 

 

 

WANG Qian 

 

 

A thesis submitted in partial fulfilment of the requirements for the 

degree of Doctor of Philosophy 

 

September 2017 



I 

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 acknowledgement has been made in the text. 

  (Signed) 

  WANG Qian   (Name of student) 



II 

 

ABSTRACT OF THESIS 

 

Adolescent idiopathic scoliosis (AIS) is a three-dimensional spinal deformity characterized 

by lateral curvature and vertebral rotation of spine. It occurs in approximately 3% of 

adolescents with unknown reasons. Nowadays, the radiographic assessment of scoliotic spine 

continues to be the most widely used method in a scoliosis clinic. In routine clinical practice, 

radiographic assessments are performed throughout the course of treatment of the patients 

with AIS. However, the frequency of radiation exposure in monitoring scoliosis concerns 

many adolescents and their parents in light of evidence that cumulative radiation exposure 

could increase cancer risk. In addition, radiographic assessment of scoliotic spine is limited in 

the coronal and sagittal planes, which represent a simplification of the true 3-dimensional (3-

D) spinal deformity involved in scoliosis. Thus, attempts to reduce or eliminate radiation 

exposure in adolescents and visualization of 3-D characteristics of scoliotic spine have led 

researchers to develop new imaging technologies, such as stereo-radiography (EOS), 

ultrasound imaging, and magnetic resonance imaging (MRI). 

 

Currently, ultrasound has gained considerable attention in the assessment of scoliosis. 

Ultrasound imaging is a non-radiation and cost-effective method, which is accessible in the 

majority of medical institutes. The posterior structure of vertebrae could be displayed by 

ultrasound imaging in the transverse plane. The development of the 3-D ultrasound system 

can enable the 3-D reconstruction of vertebral images and facilitate the measurement of 

scoliotic spine in various anatomical planes that could not be accomplished previously. A 

series of the related research have been conducted in Canada, Hong Kong, Japan, Australia, 

Netherlands and other places. Spinous processes, laminae and transverse processes can be 
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visualized and used as landmarks to measure the lateral curvature and vertebral rotation in the 

coronal and transverse planes of the ultrasound images.  

 

The center of laminae (COL) method has been proposed to measure the spinal curvature and 

vertebral rotation in the coronal and transverse planes of the 3-D ultrasound images. The 

reliability and validity of this proposed method have been demonstrated. However, the 

evidence is limited to the experiment phantom studies. Thus, the objective of this study was 

to explore the possibility of using the proposed 3-D ultrasound methods to assess the coronal 

curvature, vertebral rotation, kyphotic and lordotic angles in the subjects with AIS under the 

clinical setting, and to evaluate its reliability and validity with the concurrent MRI methods. 

 

Due to the gravitational effect, spinal orientation between standing and supine positions may 

change their corresponding lateral curvatures and vertebral rotations. Thus, the second 

purpose of this study was to investigate the gravitational effect on the coronal curvature and 

vertebral rotation between standing and supine postures using 3-D radiation-free ultrasound 

assessments in the patients with AIS. 

 

Sixteen female AIS subjects were recruited from the Prince of Wales Hospital, Hong Kong. 

The ultrasound examinations were performed using a 3-D ultrasound unit with a SonixGPS 

system. A purpose-design couch with central slot was used for supine ultrasound scanning. 

Ultrasound scanning was performed continuously along the coronal plane from C7 to S1, 

with the subjects in the standing and supine positions, respectively. Two observers performed 

the ultrasound scanning and 3 times of angle measurements for each parameter after 3-D 

image reconstructions. In the coronal plane, the spinal curvatures were measured using the 

center of laminae (COL) method. In the transverse plane, the apical vertebral rotations were 



IV 

 

also assessed with the center of laminae (COL) method. In the sagittal plane, the kyphosis 

and lordosis angles were estimated by the spinous process angle (SPA) method. 

 

To compare with the ultrasound measurements, magnetic resonance imaging (MRI) 

examination was conducted within the same morning. A 3.0T MR scanner (Achieva, Philips 

Medical Systems, Netherlands) and a spine array coil were used. The spinal curvature was 

measured with the Cobb method in the coronal plane. The apical vertebral rotation was 

calculated using the Aaro-Dahlborn method in the transverse plane. The kyphotic and 

lordotic angles were assessed by the Cobb method in the sagittal plane. 

 

The raters 1 and 2 had 5- year and 2-year experience of using ultrasound to measure the 

scoliotic spine respectively. Prior to the study, each rater was required to practice ultrasound 

scanning at the supine position and measurements for more than 10 subjects. During this 

study, the 3-D ultrasound and MRI images were randomly assigned without specific order for 

measurements. The two raters were blinded to the subjects' clinical information and they 

performed the 3-D ultrasound and MRI measurements independently in 3 trials each with one 

week interval. 

 

The intra-class correlation coefficient (ICC, [2, k]) with 95% confidence intervals (CI) was 

used to evaluate the intra- and inter-observer reliabilities of the 3-D ultrasound and MRI 

assessments. In addition, the mean absolute deviation (MAD), standard deviation (SD) and 

standard error of measurement (SEM) were used to assess the intra- and inter-observer 

measurement variability of these two methods. In order to determine the validity of 3-D 

ultrasound assessments, the comparison of means, the Bland-Altman method and the Pearson 
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correlation analysis were applied between the 3-D ultrasound and MRI measurements in the 

patients with AIS. 

 

The results suggested that the 3-D ultrasound presented high intra- and inter-rater reliability 

when measuring the coronal curvature (COL method), the apical vertebral rotation (COL 

method), the kyphosis and lordosis (SPA method) in the patients with AIS. In addition, the 

validity of 3-D ultrasound measurements has been verified, including the spinal curvature 

angle in the coronal plane (COL method); the vertebral rotation in the transverses plane (COL 

method); the kyphotic other than lordotic angles in the sagittal plane (SPA method). Besides, 

the difference between the supine and standing positions was 1.9°~11.7° and 0.0°~5.9° for 

the coronal curvature and the vertebral rotation respectively. Multi-linear regression revealed 

that the possible relevant factors were the coronal curvature, the vertebral rotation and the 

variation in the selected upper-end vertebra to these changes. Furthermore, a high correlation 

between the supine and standing postures was demonstrated.  

 

The radiation-free 3-D ultrasound presented to be a reliable & valid method for measuring the 

spinal curvature in the coronal plane and the vertebral rotation in the transverse plane in the 

patients with AIS under the clinical setting. The reliable assessments of kyphotic and lordotic 

angles in the sagittal plane have been obtained using the 3-D ultrasound method (SPA), 

however, its validity has yet been proved in this study. The possibility of using 3-D 

ultrasound to measure the lateral curvature and the vertebral rotation of AIS at the supine and 

standing positions were verified, the difference and correlation between these two positions 

have been demonstrated. Further studies on the 3-D changes of AIS using the radiation-free 

ultrasound are deserved in order to optimize the 3-D ultrasound scanning and measuring 

procedures, and to further validate the 3-D ultrasound measurements in a larger clinical trial. 
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With these efforts, 3-D ultrasound will become a potential option used as an alternative to 

radiography for screening and routine assessment of scoliosis. 
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CHAPTER 1 INTRODUCTION 

 

1.1 Background 

Adolescent idiopathic scoliosis (AIS) is a three-dimensional spinal deformity characterized 

by lateral curvature in the coronal and sagittal planes and vertebral rotation in the transverse 

plane. It occurs in approximately 3% of adolescents with unknown reasons [1, 2]. Nowadays, 

the radiographic assessment of scoliotic spine continues to be the most widely used method in 

a scoliosis clinic. In the standing posterior-anterior radiographs, the spinal curvature can be 

assessed with the Cobb method, which was adopted by the Scoliosis Research Society (SRS) 

as the standard reference method to diagnose and monitor AIS [3]. 

 

In the routine clinical practice, radiographic assessments are performed throughout the course 

of treatment of the patients with AIS. However, the frequency of radiation exposure in 

monitoring scoliosis concerns many adolescents and their parents in light of evidence that the 

cumulative radiation exposure could increase cancer risk [4, 5]. The Society on Scoliosis 

Orthopaedic and Rehabilitation Treatment (SOSORT) 2012 consensus statements advocated 

the effective strategies for reducing the number of radiographs in each of the pediatric and 

adolescent sub-populations who are subjective to scoliosis [6]. In addition, radiographic 

assessment of scoliotic spine is limited in the coronal and sagittal planes, whereas the 

vertebral rotation in the transverse plane cannot be displayed in the radiographic images of 

scoliosis. The assessments provided by radiograph only represent a simplification of the true 

3-dimensional (3-D) spinal deformity involved in scoliosis [3]. Thus, attempts to reduce 

radiation exposure in adolescents and visualization of 3-D characteristics of scoliotic spine 

have led researchers to develop new imaging technologies, such as stereo-radiography (EOS), 

3-D ultrasound imaging, and magnetic resonance imaging (MRI). 
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Among various imaging technologies, ultrasound imaging has some superior characteristics 

such as radiation-free, cost effective and easy to operate. The development of the 3-D 

ultrasound system can enable the 3-D reconstruction of vertebral images and facilitate the 

measurement of scoliotic spine in various anatomical planes that could not be accomplished 

previously [7-16]. A series of the related research have been conducted in Canada, Hong 

Kong, Japan, Australia, Netherlands and other places. The landmarks such as spinous 

processes, transverse processes and laminae have been identified in the 3-D ultrasound 

images [9, 11, 17, 18]. It is the key point how to use these structural landmarks of vertebrae 

to assess the 3-D characteristics of scoliosis. Currently, the center of laminae (COL) method 

has been proposed to assess the spinal curvature in the coronal plane of scoliotic spine [19-

21]. However, the evidence is limited to the phantom studies [17]. Moreover, studies using 

ultrasound to evaluate scoliosis on the other anatomical planes, as well as in the different 

scanning positions are limited. Therefore, this study aims to study the feasibility, reliability 

and validity of the 3-D ultrasound assessments for the patients with AIS under the clinical 

setting. 

 

1.2 Objectives 

The objectives of the current study are: 

 To explore the possibility of using 3-D ultrasound to scan and measure AIS under the 

clinical setting.  

 To assess the reliability and validity of the 3-D ultrasound assessment of spinal curvature 

in the coronal plane for the patients with AIS.  

 To evaluate the reliability and validity of the 3-D ultrasound assessment of vertebral 

rotation in the transverse plane for the patients with AIS.  
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 To verify the reliability and validity of the 3-D ultrasound assessments of kyphotic and 

lordotic angles in the sagittal plane for the patients with AIS.  

 To investigate the gravitational effect on the changes of coronal curvature and vertebral 

rotation between the standing and supine postures using the 3-D ultrasound assessments 

in the patients with AIS. 
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CHAPTER 2 LITERATURE REVIEW 

 

2.1 Spine and Vertebra 

The terminologies of anatomical planes with regard to the spine and vertebra in this thesis are 

described in the following. The coronal plane, also known as the frontal plane, is a vertical 

plane dividing the body into anterior and posterior parts. The sagittal plane, also known as the 

lateral plane, is a vertical plane that divides the body into right and left parts [22]. The 

transverse plane, also known as the axial plane, lies horizontally and divides the body into 

superior and inferior parts (Figure 2.1). 

 

 

 

Figure 2. 1 The anatomical planes of human body 

 

The spine is known as the vertebral column, which is the mainstay of the body located 

centrally and extended from the base of the skull to the pelvis. It serves to protect the spinal 

cord, support the human in the upright posture and allow the movement and lococation. The 
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spine is composed of 7 cervical vertebrae (C1-C7), 12 thoracic vertebrae (T1-T12), 5 lumbar 

vertebrae (L1-L5), 5 fused vertebrae in the sacrum (S1-S5) and the coccyx from the top to the 

bottom. The vertebrae with different shape and size are bounded together by the ligaments 

and separated by the intervertebral discs between their bodies. Four natural curvatures are 

formed in the sagittal plane of a normal spine, while there is no curvature or minor lateral 

curvature in the coronal plane [23]. Figure 2.2 shows the coronal and sagittal views of a 

normal spine, respectively. 

 

 

 

Figure 2. 2 The coronal and sagittal views of a normal spine. 
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Although the vertebrae of spine have regional differences, they possess a common pattern, 

which typically consists of a rounded vertebral body anteriorly and a vertebral arch 

posteriorly. The vertebral arch is composed of a pair of pedicles forming the sides of the arch 

and a pair of laminae connecting at the end of the arch posteriorly. In addition, the vertebral 

arch gives rise to 7 processes, including 1 spinous process, 2 transverse processes, 2 inferior 

articular processes and 2 superior articular processes [23]. Figure 2.3 displays the superior 

and lateral views of the thoracic vertebra, respectively. 

 

 

 

Figure 2. 3 The superior and lateral views of the thoracic vertebra. 

 

2.2 Scoliosis 

Scoliosis is a general term, introduced by Hippocrates, which can be defined as three-

dimensional torsional deformity of the spine and trunk. It caused a lateral curvature in the 

coronal plane, an axial rotation in the transverse plane, and a disturbance of the kyphotic and 

lordotic angles in the sagittal plane, mostly reducing them in direction of a flat back [1, 2, 24]. 

According to etiology, scoliosis is typically classified to congenital scoliosis, neuromuscular 

scoliosis and idiopathic scoliosis [25, 26]. Approximately 80% of all scoliosis cases are 



31 

 

idiopathic scoliosis, by definition, which is of unknown origin and is probably due to several 

causes. Idiopathic scoliosis is further classified as infantile (in children from birth up to 3 

years of age), juvenile (in children 3 to 10 years of age), adolescent (in children 10 to 18 

years of age), or adult (older than 18 years of age) [1, 25].  

 

2.3 Adolescent idiopathic scoliosis 

2.3.1 Prevalence of AIS 

Adolescent idiopathic scoliosis (AIS) is the most common type of idiopathic scoliosis, which 

occurs in the general population in a wide range from 0.93 to 12% reported in the literature. 

A meta-analysis showed that the prevalence of scoliosis was 1.02% among the primary and 

middle school students in Mainland China [27]. In addition, a large population-based cohort 

study revealed the prevalence of curves of >20° was 1.8% among a total of 306,144 students 

in Hong Kong [28]. The female to male ratio ranges from 1.5:1 to 3:1 and rises substantially 

with the age or lateral curvature increased. When the Cobb angle is within 10 to 20°, the ratio 

of the affected girls to boys is similar (1.3:1), increasing to 5.4:1 for Cobb angles between 20 

and 30°, and 7:1 for angle values above 30°[24].  

 

2.3.2 Symptoms and Progression of AIS 

If the scoliosis angle at completion of growth exceeds a “critical threshold” (most authors 

assume it to be between 30° and 50°), there is a higher risk of health problems in adult life, 

such as decreased quality of life, cosmetic deformity and visible disability, pain and 

progressive functional limitations. Severe AIS cases (Cobb angle larger than 50°) often lead 

to the cardiac dysfunction and pulmonary constraints. In the growing child with AIS, the 

major concern is the cosmetic disfigurement of shoulder or waist and rib hump, which are 

likely to result in the psychological disturbances of adolescents [1, 29, 30]. 
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The likelihood of progression of AIS is dependent on the maturity (chronological age, 

menarchal status or skeletal age), the curve magnitude and the position of the curve apex [2, 

31, 32]. The more skeletally and sexually immature the patient is, the greater the probability 

of curve progression. There is a much lower potential for progression of AIS after the spinal 

growth is complete. Likewise, the larger the curve magnitude is at presentation, the higher the 

likelihood of progression. Many studies agree that the curves with a thoracic apex often have 

the probability ranging from 58% to 100% of curve progression [2]. In addition, natural 

history studies have shown that the scoliosis deformity that is less than 30° at the end of 

growth rarely worsens throughout the adulthood, whereas the scoliosis of greater than 50° 

predictably worsens at a rate of 0.8 to 1.0° per year [33]. Therefore, the patient with scoliosis 

of more than 30° will be at risk for progression if the skeleton is immature. 

 

2.3.3 Screening of AIS 

Scoliosis screening program is used to identify the suspected cases of AIS who will be 

referred for diagnostic evaluation or conservative brace treatment. The purpose of school 

scoliosis screening is to achieve the early detection of AIS and consequently reduce the risk 

of requiring invasive spinal fusion surgery and its high costs [34, 35]. A two-step procedure 

is recommended for the school-based scoliosis screening. Adam’s forward-bending test (FBT) 

is the first step, in which the patient bends forward to 90° in an upright position and the 

examiner identifies the rotation of trunk (rib hump) from the behind and side of the patient’s 

back [36]. Then in the second step, the Scoliometer is used to quantify the degree of trunk 

rotation based on the Adam’s test. The Scoliometer is placed at the apex of the curvature, 

perpendicular to the long axis of the body, with the patient in a forward bending position 

(Figure 2.4) [36]. The referral for diagnostic evaluation of X-ray is recommended when the 
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degree is between 7° and 9° on the Scoliometer [35, 37].    

 

 

 

Figure 2. 4 The use of Scoliometer: to quantify the degree of trunk rotation, with the patient 

in a forward bending position (Kotwicki 2008). 

 

The mandate for school-based screening program of AIS as a routine health service is highly 

controversial around the world. Due to the uncertainty of screening effects, national 

institutions and professional organizations in the different countries currently hold the 

opposite view with respect to the need for school-based screening program [34, 38-40]. 

Indeed, the clinical effectiveness of scoliosis screening program has been demonstrated in the 

early detection of AIS with a low referral rate for radiography [36, 41-45]. Furthermore, a 

large population-based cohort study with a 10-year follow-up supported the sustained 

effectiveness of scoliosis screening program of the patients with AIS [28].  

 

2.3.4 Assessment of AIS 

The diagnosis of AIS is by exclusion, and it is mandatory at the first evaluation to collect 

family and personal clinical history and perform a full medical and neurological exam. The 
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examiner needs to rule out the other causes of scoliosis, such as vertebral malformation, 

connective-tissue disorders (e.g., Marfan’s syndrome), neurofibromatosis or other 

neuromuscular conditions [1-3].  

 

The main assessment test in the clinical examination of patients with AIS is the Adam’s 

forward bending test described as above. The test’s positive predictive value varies since it is 

proportional to the degree of vertebral rotation and depends on the operator’s experience. As 

a consequence of the Adam’s test, the Scoliometer measures the rib hump as the angle of 

trunk inclination [3, 46, 47]. 

 

A major concern for AIS patients is the aesthetics problem. In this respect, the Trunk 

Aesthetic Clinical Evaluation (TRACE) scale has been recently proposed and validated: it’s a 

12 point scale based on a visual assessment of shoulders, scapulae, waist and hemithorax 

asymmetries [48]. Also the validated scales like the Walter-Reed and the Trunk Appearance 

Perception Scale (TAPS) have been proposed as the self-evaluation of asymmetric trunk of 

the patients with AIS [49]. 

 

Quality of life (QoL) and disability are other main aspects to be considered in the treatment 

of AIS patients [50]. A series of instruments (questionnaires) have been proposed to assess 

the QoL, such as the scoliosis specific questionnaires (SRS-22) [51-53], the Brace 

Questionnaire (BrQ) [54] and the Bad Sobernheim Stress Questionnaire (BSSQ) [55, 56]. 

 

Radiographic examination of scoliotic spine continues to be the main reference standard in a 

scoliosis clinic. On the basis of medical history and physical examination, the diagnosis of 

AIS is made by measuring the lateral curvature in the coronal plane of radiographic image 
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and is confirmed as the lateral curvature with a Cobb angle more than 10º while the patient is 

in a standing position [1]. Radiographic assessment of the vertebral rotation using 

Perdriolle’s torsiometer has been shown to be reproducible [57]. Based on the same principle, 

the application of Raimondi’s tables or ruler makes the assessment easier and slightly more 

reproducible [57]. Furthermore, the Risser sign is assessed as an important parameter 

indicating the patient’s growth or skeletal status [3]. 

 

2.3.5 Treatment of AIS 

The primary goal of treatment of AIS is to reduce the progression of curves, thereby to 

decrease the risk of secondary impairment, to relieve the back pain, to improve the functional 

mobility and the cosmetic deformities. Nowadays, the intervention modalities, such as the 

physical therapy, the orthotic intervention and the surgery have been advocated around the 

world [1, 2, 24, 30]. Physical therapy can be applied to prevent the aggravation of the 

deformity in the mild scoliosis (i.e., curves less than 25°) and to enhance the effect of a brace 

and counteract its side-effects in the moderate scoliosis (i.e., curves between 25° and 45°) [24, 

58-60]. These aims are met, theoretically, by the individualized sports activities, the protocol 

of which should be designed on the basis of the patient’s needs, the curve pattern, and the 

intervention phase. Based on the SOSORT 2012 Consensus Statement, it is recommended 

that the Physiotherapeutic Specific Exercise (PSE) increase the the coordination, the spinal 

proprioception, and the posture control of the patients with AIS. The appropriate exercise 

program will be regarded as the important step to prevent/limit the progression of AIS [24].  

 

In addition, the orthotic intervention is preferred for the patient with a curve magnitude of 

25º~45º, with the aim of arresting the curve progression below the level requiring the 

orthopaedic surgery [24, 61, 62]. Different orthotic designs have been proposed through the 
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modifications of the typical rigid thoracolumbosacral orthoses (TLSO), the basic principle of 

which is to restore the normal contour and alignment of the spine by means of the external 

forces [63]. The effectiveness of orthotic treatment in reducing the rate of surgical procedures 

required in AIS patients has recently been demonstrated in a multicenter randomized 

controlled trial [64].  

 

Besides, the orthopaedic surgery is indicated when the scoliotic curve progresses greater than 

45º in the patients with an immature skeleton [1, 2, 30]. The main purpose of surgical 

treatment is to achieve a maximum 3-D correction of spinal deformity and to restore the trunk 

asymmetry and balance, while minimizing the morbidity and pain [1, 2, 65]. Posterior or 

anterior instrumentations have been both applied in the surgery of scoliosis [66-68]. The use 

of the segmental pedicle screws in the thoracic spine allows even better three-column 

mechanical fixation, saving of fusion levels and reduction of risk of mid- to long-term 

complications as compared with the standard hook-wire constructs [69-71]. 

 

2.4 Imaging Assessment Methods of AIS 

The assessment of AIS requires a comprehensive imaging technique to fully reveal the 3-D 

spinal deformity. Medical imaging techniques play an important role in the diagnosis and 

assessment of the patients with AIS [3]. This section presents a literature review of the 

medical imaging techniques for AIS, including spinal radiography, stereoradiography (EOS), 

computed tomography (CT), magnetic resonance imaging (MRI) and surface topography. 

The assessment methods of these imaging techniques will be shown, followed by a discussion 

with regard to its reliability and validity.  
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2.4.1 Spinal Radiograpy 

Spinal radiography serves as the basic imaging assessment method to determine the curve 

type and severity of the patients with AIS [72, 73]. Frontal and lateral radiographs are 

commonly taken in the standing position. For the frontal plane radiograph, the postero-

anterior projection is recommended due to the less ionizing radiation produced to the breasts 

and thyroid tissue as compared with the antero-posterior one. For the lateral plane radiograph, 

the upper limbs have to be taken away or the fists put on the clavicles, which allow adequate 

radiographic visualization of the lateral thoracic spine. Lateral images are indicative of the 

patients with low back pain or lumbar scoliosis, in order to identify if the spondylolisthesis 

occurs as a cause of the scoliosis [1]. In addition, digital radiography can provide a good 

image resolution, whereas the exposition seems to be reduced. A long cassette (90 cm) makes 

it possible to visualize the cervical, thoracic and lumbar spine as well as the pelvic [73]. 

 

2.4.1.1 The assessments in the frontal radiograph 

The analysis of the frontal (coronal) radiograph often starts with drawing a central vertical 

sacral line (CVSL), passing through the center of the sacrum (Figure 2.5). The spinal 

curvature of scoliosis is harmonious and usually cross this line. In the frontal radiographic 

images, the accurate identification of the apical, upper- & lower-end vertebrae is essential for 

the assessment of scoliotic spine. The apical vertebra is the most distant from the CVSL, 

most rotated and deformed, but not titled. The upper- & lower-end vertebrae are located 

closely to the CVSL, most titled but least deformed and rotated [3] (Figure 2.5).  
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Figure 2. 5 The analysis of the frontal radiograph. Central vertical sacral line (CVSL), 

Upper-end vertebra, Lower-end vertebra and Apical vertebra (Kuklo et al. 2005). 

 

Curve magnitude 

The curve magnitude is assessed by measuring the angle of scoliotic spine in the frontal 

(coronal) radiograph. Quantitative measurement of the curve magnitude is valuable for 

diagnose and monitor of the progression of scoliosis, as well as decision making of the 

treatment modalities for AIS [74]. The earliest method proposed to assess the curve 

magnitude is the Ferguson method, in which the angle is defined between the two straight 
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lines that connect the centers of the end vertebrae with the center of the apical vertebra 

(Figure 2.6 a). Similarly, the Cobb method was proposed, and the Cobb angle was measured 

as the angle between the lines parallel to the superior and inferior endplates of the upper-end 

and lower-end vertebrae of the curve (Figure 2.6 b). Due to the simple and reproducible 

measurement of the curve magnitude, the Cobb method was applied extensively in the 

clinical practice of AIS, even for the cases with severe spinal curvatures. In 1966, the 

Scoliosis Research Society (SRS) adopted the Cobb method as the standard reference for the 

quantification of the curve magnitude [74]. The diagnosis of scoliosis is defined on the basis 

of Cobb angle of 10 degrees or greater. There is a consensus that the difference of more than 

5 degrees between the two radiographic measurements of Cobb angle was regarded as the 

clinical significance to detect the curve progression of scoliosis [1, 2]. The Cobb method, 

though simply in technique operation, is actually limited to reflect the extent of the tilt 

between the upper and lower end-vertebrae, neglecting the information of curve length or 

lateral translation of the apex [3]. In attempt to reflect the true curve magnitude of scoliosis as 

far as possible, many different methods were proposed by Diab et al., Chen et al. and 

Greenspan et al. [74] (Figure 2.6 c-e) . 
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Figure 2. 6 Measurements of curve magnitude in the frontal radiograph. (a) Ferguson 

method (b) Cobb method (c) Greenspan index (d) Diab et al. method (e) Centroid method 

(Vrtovec T, 2009) 

 

Cobb method: Reliability and Variability 

Since the Cobb method has been accepted as the standard reference, a number of studies have 

been conducted to investigate its reliability and variability, including the manual or digital 

methods when measuring the spinal curvature of the patients with AIS. Table 2.1 and 2.2 

summarize the literatures regarding to the assessment of reliability and variability of the 

manual Cobb angle measurements in the radiographic images from the year of 2000 to 2017. 

The manual Cobb angle measurements presented good to excellent intra- and inter-rater 

reliability with the intra-class correlation coefficients (ICCs)>0.78 in the previous literatures 

(Table 2.1). In the case of the surgical patients with AIS, it is found that the preoperative 

Cobb angle measurement could be more reliable than the postoperative measurements, as 

evidenced by Kuklo’s study. The analysis of variability was calculated as the mean absolute 

difference (MAD), standard deviation (SD) and standard error of measurement (SEM), above 

of which are commonly used in the related literatures. The results showed that the intra-rater 

MAD of the Cobb angle measurement ranged from 2.22° to 3.04° and the inter-rater MAD 



41 

 

varied from 3.35° to 3.85°. The reported intra-rater SD was from 2.23° to 4.12°, and the inter-

rater SD was from 2.24° to 4.62° (Table 2.2).   

 

Table 2. 1 Results of reliability of manual Cobb angle measurements in radiograph 

Study 
X-ray 

(Range) 

Raters Pre- 

defined 
Intra-rater (ICC) Inter-rater (ICC) No. experience trials 

Dang et al. 

2005[75] 

10 PA 

20-45° 

 

2 

 

varying 5 x - >0.8 >0.8 

Kuklo et al. 

2005[76] 
30 PA 

 

3 

 

senior 2 x Yes 0.96 0.96 

De Carvalho 

et al. 2007[77] 

40 PA 

20-45° 

 

8 

 

varying 2 x - 0.97 0.939 

Gstoettner et al. 

2007[78] 

48 PA 

20-130° 

 

6 

 

senior 3 x Yes 0.97 0.97 

Gupta et al. 

2007[79] 

48 PA 

10-40° 

 

7 

 

varying - Yes 0.78-0.98 0.991 

 

Allen et al. 

2008[80] 

 

22 PA 

20°-50° 
3 varying - - 0.95 0.94 

 

Mok et al. 

2008[81] 

 

20 PA 

32-80° 
4 senior - Yes 0.96 0.93 

 

Tanure et al. 

2010[82] 

 

49 PA 

12-80° 
3 varying 3 x - 0.96 0.95 

 

Data are taken from the Result section of the articles 

PA: posterior-anterior radiograph 

ICC: intra-class correlation coefficient 

CR: coefficient of reliability 
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Table 2. 2  Results of variability of manual Cobb angle measurements in radiograph 

Study 
X-ray 

(Range) 

Raters Pre- 

defined 
Intra-rater Inter-rater No. experience trials 

Facanha-Filho et al. 

2001[83] 
55 AP 

 

7 

 

varying 3 x Yes 
MAD:2.8° 

95% CI: ±3° 

MAD:3.35° 

95% CI: ±7.86° 

Kuklo et al. 

2005[84] 
60 PA 

 

2 

 

- 2 x - 
MAD: 2.87° 

95%CI: 2.35° -3.38° 
 

De Carvalho et al. 

2007[77] 

40 PA 

20-45° 

 

8 

 

varying 2 x 

 

- 

 

 

MAD: 2.22°~2.63° 

SD: 2.23°~2.24° 

 

 

MAD: 3.43°~3.59° 

SD: 2.24°~3.42° 

 

 

Allen et al. 

2008[80] 

 

22 PA 

20-50° 
3 varying - - SEM: 2.185° SEM: 3.17° 

 

Mok et al. 

2008[81] 

 

20 PA 

32-80° 
4 senior - Yes 

SD: 4.12° 

 

SD: 4.62° 

 

 

Tanure et al. 

2010[82] 

 

49 PA 

12-80° 
3 varying 3 x - 

MAD: 3.04° 

SD: 2.43° 

MAD: 3.85° 

SD: 3.45° 

 

Data presented are taken from the Result section of the articles. 

AP: anterior-posterior radiograph; PA: posterior-anterior radiograph 

MAD: mean absolute difference 

SD: standard deviation 

95% CI: 95% confidential limit 

SEM: standard error of measurement 

 

The factors which may influence the variability of the Cobb angle measurements have been 

reported to be depended mainly on the raters’ experience, measurement error, range of curve 
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magnitude and image quality. Additionally, the pre-defined apical vertebra and end-vertebrae 

would be expected to reduce the variability when measuring the Cobb angle in radiographs. 

Nevertheless, the reported results didn’t demonstrate that the pre-defined apical and upper & 

lower end-vertebrae could reduce the raters’ error and the variability when measuring the 

Cobb angle. In addition, the intra- and inter-rater variability of the measurement of Cobb 

angle was found not to be associated with the raters’ experience. It is opposite to the results 

obtained from the Facanha-Filho's study, in which the raters’ experience was regarded as the 

key factor to minimize the measurement error.  

 

The sources of errors of the manual measurements of Cobb angle have been summarized, 

including the selection of end-vertebral, drawing of variable best-fit lines to the vertebral 

endplates, bias of the different raters, inaccurate protractors, image acquisition techniques, 

patient positioning, and acquisition time. It has been shown that the variation of the manual 

Cobb angle measurements was roughly 9 degrees between the supine versus the standing 

postures of the patients with AIS; mean difference of 2.4 degrees between the antero-

posterior and the posteroanterior radiographs; average increase of 5.2 degrees from morning 

to afternoon acquisition.  

 

Compared with the manual Cobb angle measurement, the digital or computer-assisted 

methods are less sensitive to the raters’ skill levels or experiences. As the digital radiographic 

images become available in the clinical setting, clinicians are required to perform the Cobb 

angle measurements by means of the computerized tools and related software. Table 2.3 and 

2.4 summarize the reliability and variability of the digital or computer-assisted measurements 

of the Cobb angle during the past ten years. The results showed that the intra-rater reliability 

determined by the ICC value was within 0.76 to 0.985 and the inter-rater reliability from 0.70 



44 

 

to 0.988 (Table 2.3). As shown in Table 2.4, the intra-rater mean absolute difference (MAD) 

of the computer-assisted Cobb angle measurements ranged from 1.2° to 3.4° and the inter-

rater MAD from 1.22° to 3.71°; the intra-rater standard deviation (SD) varied from 1.2° to 

6.45° and the inter-rater SD from 1.8° to 4.9°; the intra-rater standard error of measurement 

(SEM) from 0.739° to 3.18° and inter-rater SEM from 1.22° to 3.71°. Taking into account the 

different regions of spine, the intra- and inter-rater reliability of Cobb angle measurement 

using the computerized tools were better in the main thoracic and thoracolumbar/lumbar 

curves than those in the proximal thoracic curve; the average intra- and inter-rater SD were 

lower in the proximal thoracic curve than those in the main thoracic and 

thoracolumbar/lumbar curves.  

 

The comparison of the Cobb angle measurements using the manual and computer-assisted 

methods has been studied during the past ten years. It has been shown that the reliability was 

similar between these two measurement methods of the Cobb angle. Although the digital 

radiographic images did not improve the measurement accuracy, the computer-aided 

techniques have more advantages when measuring the Cobb angle of scoliotic spine in the 

clinical practice, such as the fast and efficient storage of images, the improved quality of 

radiographic images, the easy access to the comparison and follow-up, as well as the 

automated interpretation of data. Chockalingam et al. [85] developed a computer-aided 

method of the Cobb angle measurement, in which the vertebral edges were required to be 

assigned manually and the curvature angle would be calculated automatically by the relevant 

programs. The accuracy of Chockalingam’s method depended on how well the edges of the 

vertebrae were identified. Allen et al. also proposed a computer-assisted program based on 

active shape models. Duirng the Cobb angle measurement, this program was able to 

recognize the specific contour of the vertebrae in the radiographic images on the basis of the 
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inputted information of characteristics of vertebra in a series of sample images. However, this 

measurement was not accurate for the curve magnitude more than 40°. To minimize human 

involvement, a computer-aided system based on the Fuzzy Hough Transform was developed 

by Zhang et al.[86] to automatically detect the directions of the end-vertebrae from which the 

Cobb angle was then calculated. In this automatic system, the end-vertebrae could be selected 

by the method through the fixed regions of interest (ROI), in which ROI flexibly fit to the 

boundary of the vertebra better. The intra- and inter-rater measurement errors were reported 

to be less than 2° for ROI-mediated Cobb angle measurement. 
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Table 2. 3 Results of reliability of digital Cobb angle measurements in radiograph 

Study 
X-ray 

(Range) 

Raters Pre- 

defined 

Intra-rater 

(ICC) 

Inter-rater 

(ICC) No. experience trials 

 

Chockalingam et al.  

2002[85] 

 

9 PA 

 

10 

 

varying 3 x - 0.985 0.988 

Kuklo et al. 

2005[87] 

 

60 PA 

 

 

3 

 

- 2 x 

 

 

Yes 

 

 

0.887 

(post-operation) 
0.85 (post-operation) 

 

Gstoettner et al. 

2007[78] 

 

48 PA 

20-130° 
6 senior 3 x Yes 0.96 0.93 

Srinivasalu et al. 

2008[88] 
318 AP 

 

3 

 

varying - Yes 0.969 0.986 

Allen et al. 

2008[80] 

22 PA 

20-50° 
3 varying - - 

0.935 

(Active shape model) 

0.91 

(Active shape model) 

 

Mok et al. 

2008[81] 

 

20 PA 

32-80° 
4 senior - Yes 0.87 0.96 

 

Mehta et al. 

2009[89] 

 

318 AP 3 varying 2 x Yes 
0.978 

 

0.986 

 

 

Zhang et al. 

2010[86] 

 

70 PA 

<90° 
3 varying 2 x Yes 

0.962 

0.994 

(fuzzy hough transform) 

0.929 

0.985 

(fuzzy hough transform) 

 

Tanure et al. 

2010[82] 

 

49 PA 

12-80° 
3 varying 3 x - 0.97 0.96 

 

Aubin et al. 

2011[90] 

 

32 PA 

9-88° 
3 varying 2 x - 

0.76 (Proximal thoracic) 

0.95 (Main thoracic) 

0.92(Thoracolumbar/lumbar) 

0.7 (Proximal thoracic) 

0.94 (Main thoracic) 

0.93(Thoracolumbar/lumbar) 

 

Chan et al. 

2014[91] 

 

60 PA 

10-44° 
3 varying 2 x - 0.98 0.94 

 

Data taken from the Result section of the articles 

AP: anterior-posterior radiograph; PA: posterior-anterior radiograph 

ICC: intra-class correlation coefficient. 
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Table 2. 4 Results of variability of digital Cobb angle measurements in radiograph 

Study 
X-ray 

(Range) 

Raters Pre- 

defined 
Intra-rater Inter-rater 

No. experience trials 

 

Chockalingam 

et al.  2002[85] 

 

 

9 PA 

 

10 

 

varying 3 x - SEM: 0.739° SEM: 1.22° 

 

Kuklo et al. 

2005[87] 

 

60 PA 

 

2 

 

senior 2 x - 
MAD: 2.80° 

95%CI: 2.43° -3.16° 
 

 

Stokes and 

Aronsson 

2006[92] 

 

27 PA 

45-105° 
5 varying 3 x - 

SD: 2.0° 

(Main thoracic) 

SD: 2.0° 

(Thoracolumbar/lumbar) 

SD: 2.5° 

(Main thoracic) 

SD: 2.6° 

(Thoracolumbar/lumbar) 

 

Allen et al. 

2008[80] 

 

22 PA 

20-50° 
3 varying - - 

SEM: 3.18° SEM: 3.71° 

SEM: 2.005° 

(Active shape model) 

SEM: 2.37° 

(Active shape model) 

 

Mok et al. 

2008[81] 

 

20 PA 

32-80° 
4 senior - Yes SD: 6.45° SD: 3.82° 

Zhang et al. 

2010[86] 

70 PA 

<90° 
3 varying 2 x Yes 

MAD: 3.4° MAD: 5.1° 

MAD: 1.4° 

SD: 1.2° 

(fuzzy hough transform) 

MAD: 2.2° 

SD: 1.8° 

(fuzzy hough transform) 

 

Tanure et al. 

2010[82] 

 

49 PA 

12-80° 
3 varying 3 x - 

MAD: 2.79° 

SD: 2.23° 

MAD: 3.61 

SD: 3.18° 

 

Aubin et al. 

2011[90] 

 

32 PA 

9-88° 
3 varying 2 x - 

SD:2.1° (Proximal thoracic) 

SD:3.5°(Main thoracic) 

SD:4.2°(Thoracolumbar/lumbar) 

SD: 2.8°(Proximal thoracic) 

SD:4.9° (Main thoracic) 

SD:4.4°(Thoracolumbar/lumbar) 

 

Chan et al. 

2014[91] 

 

60 PA 

10-44° 
3 varying 2 x - 

MAD: 1.2° 

SD: 1.3° 

SEM: 1.26° 

MAD: 2.2° 

SD: 1.9° 

SEM: 2.06° 

 

Data is taken from the Result section of the articles. 

PA: posterior-anterior radiograph 

MAD: mean absolute difference 

SD: standard deviation 

95% CI: 95% confidential limit 

SEM: standard error of measurement 
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Vertebral Rotation 

The vertebral rotation is an important parameter of the deformity in AIS, which can be used 

to assess the severity of scoliotic spine, to monitor the risk of curve progression, and to 

evaluate the outcome of treatments [57]. It is also associated with the lateral curvature and the 

ribcage asymmetry, leading to reduced respiratory capacity and cosmetically disfiguring rib 

hump of the patients with scoliosis [93, 94]. Thus, the accurate and reliable measurement of 

the vertebral rotation is of key significance in the prognosis and intervention of scoliotic 

curves. 

 

Several methods have been proposed to assess the vertebral rotation using radiographic 

images, based on the position of the projected spinous process (Cobb method) or pedicles 

shadows (Nash and Moe, Perdriolle, Drerup, Stokes method) in relation to the vertebral body 

[57, 95]. However, the measurements taken from radiographic images only represent a 

projected rotation, which is not directly measured in the transverse plane. The Figure 2.7 

summarized the radiographic methods of measurement of the vertebral rotation. The first 

documented method has been proposed by the Cobb, in which the five grades of vertebral 

rotation can be determined by dividing the vertebral body into six segments and then 

identifying which segment is located by the spinous process. However, the Cobb method is 

only able to provide an approximation but not a quantification of the angle of vertebral 

rotation. In addition, the Nash-Moe method has been modified on the basis of the Cobb 

method. This method describes the percentage of the displacement of the convex pedicle with 

respect to the vertebral body width. However, the shape and symmetry of the vertebral body 

are neglected in this method, leading to the variability of the measurement results. To 

overcome this issue, Stokes et al. has proposed that the vertebral rotation could be assessed 

by the position of the pedicles relative to the vertebral body center, in combination with the 
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parameters of the vertebral shape, i.e., the actual distance between the pedicles and the 

vertebral body center. Furthermore, the specific torsionmeter has been developed by 

Perdriolle and Vidal to measure the vertebral rotation angle directly from the center of the 

inner pedicle. The edges of the torsionmeter are aligned with the inner points on the vertebral 

margin; the degree of the rotation angle is then read from a vertical line drawn through the 

convex pedicle. The torsionmeter is marked with a scale of 5° increments, which is also the 

minimum variation when measuring the vertebral rotation in the patients with AIS. Despite 

this disadvantage, the Perdriolle method has been reported to be a precise and simple method, 

making it applicable in the clinical setting. 

 

 
 

 

Figure 2. 7 Methods of vertebral rotation measurements in radiograph. (a) Cobb method. 

(b) Nash-Moe method. (c) Perdriolle method. (d) Drerup method. (e) Stokes method. 

(Vrtovec T, 2009) 

 

Tables 2.5 and 2.6 summarized the results of reliability and variability of the radiographic 

measurements of the vertebral rotation from the literature during the past ten years. The intra-  

and inter-rater reliabilities (ICC values) were reported to be within 0.53 and 0.84 for the  
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Nash-Moe method when measuring the vertebral rotation between the pre- and post-operation 

of the scoliosis patients. As shown in Table 2.5, the Drerup method presented the intra-rater 

reliability of ICC value 0.743 for the manual measurement, compared to the 0.821 for the 

computer-assisted measurement through the fuzzy hough transform model. This computer-

assisted program improved the intra- and inter-rater reliability of the Drerup method when 

assessing the vertebral rotation in the patients with AIS. The same research team found that 

the fuzzy hough transform model could also increase the intra- and inter-rater reliability of 

the measurements of the vertebral rotation using the Stokes method. 

 

As shown in Table 2.6, the mean absolute difference (MAD) of the Nash-Moe method was 

0.23° and 0.43° for the manual and digital measurement procedures, respectively. The results 

indicated that the digital radiographic measure of vertebral rotation demonstrated to be less 

variable than the manual measures using the Nash-Moe method. It has been suggested that 

the variability of measurement could be reduced by means of the computer-assisted program, 

i.e., the fuzzy hough transform model, when measuring the vertebral rotation through the 

Drerup method or the Stokes method. Based on the fuzzy hough transform program, the 

measurement error varied from 1.7° to 4.1° for the Drerup method, and 1.5° to 3.1° for the 

Stokes method. 
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Table 2. 5 Results of reliability of vertebral rotation measurements in radiograph 

Study 
X-ray 

(Range) 

Raters Pre- 

defined 
Procedure Intra-rater (ICC) Inter-rater (ICC) 

No experience trials 

Kuklo et al. 

2005[76] 

 

30 PA 

 

3 senior 2 x Yes 
Manual 

(Nash-Moe method) 

 

0.84(pre-operation) 

 

 

0.59(pre-operation) 

 

 

0.63(post-operation) 

 

 

0.53(post-operation) 

 

Kuklo et al. 

2005[84] 

 

60 PA 

 

3 varying 2 x Yes 
Digital 

(Nash-Moe method) 

 

0.81(pre-operation) 

 

 

0.59(pre-operation) 

 

 

0.63(post-operation) 

 

 

0.53(post-operation) 

 

Zhang et al. 

2010[86] 

70 PA 

<90° 
3 varying 2 x Yes 

Digital 

(Drerup method) 

 

0.743 

 

0.692 

 

0.821 
(fuzzy hough transform) 

 

 

0.809 
(fuzzy hough transform) 

 

Digital 

(Stokes method) 

 

0.803 

 

 

0.756 

 

 

0.857 
(fuzzy hough transform) 

 

 

0.826 
(fuzzy hough transform) 

 

Abul-

Kasim et al.  

2010[96]  

 

25 Lateral 

32.7-83° 
1 senior 2 x Yes 

Digital 
(Perdriolle method) 

 

0.76 

 

 

Chan et al. 

2014[91] 

 

60 PA 

10-44° 
3 varying 2 x - 

Digital 

(Stokes method) 

 

0.95 

 

 

0.87 

 

 

Data is taken from the Result section of the articles 

PA: posterior-anterior radiograph 

ICC: intra-class correlation coefficient. 
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Table 2. 6 Results of variability of vertebral rotation measurements in radiograph 

Study X-ray 
Raters Pre- 

defined 
Procedure Intra-rater Inter-rater 

No. experience trials 

 

Kuklo et al. 

2006[87] 

 

 

60 PA 

 

2 varying 2 x - 

Manual 
(Nash-Moe method) 

 

MAD: 0.23° 

95%CI:0.14° -0.31° 

 

 

Digital 
(Nash-Moe method) 

 

MAD: 0.43° 

95%CI:0.33° -0.52° 

 

 

Zhang et al. 

2010[86] 

70 PA 

<90° 
3 varying 2 x Yes 

Digital 

(Drerup method) 

 

MAD: 3.0° 

 

MAD: 4.1° 

 

MAD: 1.7° 

SD: 1.6° 

(fuzzy hough transform) 

 

MAD: 2.7° 

SD: 2.6° 

(fuzzy hough transform) 

Digital 

(Stokes method) 

 

MAD: 2.5° 

 

 

MAD: 3.1° 

 

 

MAD: 1.5° 

SD: 1.1° 

(fuzzy hough transform) 

 

MAD: 2.3° 

SD: 1.9° 

(fuzzy hough transform) 

 

Abul-

Kasim et al.  

2010[96]  

 

25 Lateral 

32.7-83° 
1 senior 2 x Yes 

Digital 
(Perdriolle method) 

MAD: 1°  

 

Chan et al. 

2014[91] 

 

60 PA 

10-44° 
3 varying 2 x - 

Digital 

(Stokes method) 

MAD: 1.9° 

SD: 2.1° 

SEM:1.97° 

MAD: 3.2° 

SD: 3.1° 

SEM: 3.01° 

 

Data is taken from the Result section of the articles 

PA: posterior-anterior radiograph 

MAD: mean absolute difference 

SD: standard deviation 

95% CI: 95% confidential limit 

SEM: standard error of measurement 
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Curve flexibility 

Curve flexibility is a valuable indicative parameter used to provide the information of the 

structural changes of the major and compensatory curves. The measurement of curve 

flexibility is crucial in the estimation of the orthotic and surgical treatment outcomes, the 

determination of the level to be instrumented, and the amount of the correction to be achieved.  

Optimal positions used in the assessment of curve flexibility have been investigated to 

improve the accuracy of predication. Various positions have been devised to evaluate the pre-

orthotic and pre-operative curve flexibility, including the standing or supine side-bending [97, 

98], push-prone, traction (with or without general anesthesia) [99-102], and fulcrum-bending 

radiographs (FBR) [103, 104].  

 

Currently, supine side-bending radiographs are the most commonly used methods to 

determine the curve flexibility because of its ease of use and role 

in curve classification. However, with the advance of segmental spinal instrumentation 

techniques, especially like the utilization of pedicle screw, supine side-bending flexibility 

radiographs gradually lost the ability to predict the correction accurately [103, 104]. 

Additionally, lack of standardization in the operation procedure is another limitation of the 

supine side-bending radiographic assessment of the curve flexibility. 

 

Push-prone radiographic imaging, originally described by Kleinman et al., can reveal the 

changes of the structural and compensatory curves on the same radiograph, but fall short of 

predicting the comparative correction in the recent studies. Besides, radiographic imaging 

through the traction under general anesthesia (UGA) is a relatively new technique firstly 

reported by Davis et al. [99]. It has been reported that the radiographs obtained using the 
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traction with UGA were better at predicting the maximum curve flexibility; especially in the 

cases with the Cobb angle > 65 ° and the rigid curves [99-102].  

 

Fulcrum-bending radiographs (FBR), developed by Cheung and Luk, have been 

demonstrated to reflect the flexibility of thoracic curves more accurately, and the proposed 

fulcrum-bending correction index (FBCI) was better at predicating the correction rate [105, 

106]. An innovative FBR technique was introduced by Li et al., who applied the maximal 

weight to the curve apex in order to attain the maximum heights lifted. The results showed 

that the flexibility assessed by this modified FBRs approximated the postoperative correction 

more closely from posterior pedicle screw instrumentation than that from the traditional FBR 

or supine side-bending radiographs [103]. Therefore, the modified FBR with combining the 

traction and translation forces will be more applicable in the era of modern segmental spinal 

instrumentation [104]. 

 

2.4.1.2 The Assessments in the Lateral Radiograph 

The analysis of the lateral radiograph refers to the measurement of cervical lordosis, thoracic 

kyphosis and lumbar lordosis, as well as pelvic incidence. However, the measurement taken 

in the lateral (sagittal) radiograph is more difficult than that in the frontal one, because the 

scoliotic deviation is superposed on the normal lateral (sagittal) curvatures [3, 107]. The 

assessment of sagittal profile is also of great value in providing reference for bracing and 

surgical intervention [1]. The thoracic kyphosis and lumbar lordosis are measured with the 

angles using the Cobb method, in which the vertebral endplate lines are used to construct the 

angles in the sagittal radiographs. However, the kyphotic and lordotic angles estimated by the 

Cobb method predominantly reflect the angle of the upper- and lower-end vertebral 

inclination, but not the corresponding angle of the regional curvature [108]. In order to 



55 

 

explore the local disturbances of thoracic kyphosis, the segmental sagittal analysis are 

undertaken by the Cobb method. The segmental curvature could be measured by the angle 

between the lines of the upper- and lower-end vertebrae in the corresponding regions in the 

sagittal plane [109, 110]. Besides, the pelvic incidence can be assessed in the lateral 

radiograph as proposed by Duval-Beaupere. The angle of the pelvic incidence is estimated 

between the line perpendicular to the upper plate of the first sacral vertebra, and the line 

connecting the center points of the first sacral vertebra and the bi-coxo-femoral axis [111-

113].   

 

2.4.1.3 Estimation of Skeletal Maturity 

The determination of skeletal maturity is crucial in the management of patients with AIS.  

Based on the extent of the skeletal maturity, the decision whether to use the excise, orthotic 

treatment or surgical intervention could be made to control the curve progression [1, 2]. One 

of the most frequently used methds to determine the skeletal maturity is described as the 

Risser sign. Six stages of the skeletal development could be assessed from zero to five, 

denoting the extent of ossification of the apophysis from the antero-lateral to the postero-

medial aspect of the iliac crest [114]. The absence of ossification of the iliac crest is defined 

as the Risser Grade 0. Ossification within the first quarter of the iliac crest (0–25%) is 

defined as the Risser Grade I. Ossification extending the second quarter of the iliac crest (25–

50%) is recorded as the Risser Grade II. The Risser Grade III represents that the ossification 

progresses into the third quarter (50–75%) while the Grade IV is defined as the ossification 

into the fourth quarter of the iliac crest (>75%). Complete fusion of the apophysis to the ilium 

is rated as the Risser Grade V [115].  

 

2.4.1.4 Other Application of Radiographic Assessments 
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Currently, various innovative applications of the radiographic measurements have been 

investigated to improve the management of the patients with AIS. To reduce the 

measurement error from the different observers (raters), the axis-line-distance technique 

(ALDT) has been proposed [116]. It has been reported that ALDT method may be applicable 

for the therapeutic evaluation of scoliosis during treatment and at follow-up visits due to no 

significant differences between the observers when measuring the change of the spinal 

curvature angles [117]. For the postoperative measurement of the apical vertebral rotation, a 

novel method based on the inter-rod distance in the lateral and posteroanterior radiographic 

images has been developed and validated by a high correlation with the computed 

tomography [118]. For the outcome measures of treatment in the early onset scoliosis, the 

measurement of the pelvic inlet width (PIW) in the radiographic images is useful for 

predicting the individual, age-independent thoracic dimensions, which are related to 

cardiopulmonary dysfunction [119]. To estimate the segmental movement, Noh et al. 

developed a novel computational method to calculate the linear displacement of pedicles 

from the target segment precisely [120].  

 

The hazardous effect of radiography is associated with the frequent and prolonged exposure 

to radiation, which has been of primary concern for scoliotic patients often undergoing the 

critical growth and the developmental stages [6]. Consequently, there has been growing 

emphasis on developing new technologies that do not involve patients’ exposure to the 

ionizing radiation. Despite this disadvantage of radiography, the measurements taken from 

the radiographic methods remain the standard reference, to which the current developing 

techniques will compare for validating their validity.  
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2.4.2 Stereoradiography 

2.4.2.1 Biplanar X-ray Imaging System 

The attempts to reduce the radiation exposure of the conventional radiography and 

reconstruct the accurate 3-D image of spine have led researchers to develop new technologies 

in the assessment of scoliosis, such as the relatively low-dose stereoradiography (EOS). EOS 

is a biplanar X-ray imaging system, in which the slot scan technology is applied to take the 

posteroanterior and lateral radiographic images simultaneously, allowing the reconstruction 

of a three-dimensional model of spine [121] and rib cage [122]. The upright weight bearing 

position is required in the EOS images acquisition, with the benefit of allowing the spinal 

visualization in a manner consistent with the conventional X-ray methods when assessing the 

scoliotic spine [123]. In addition, the EOS involves only a friction of the radiation exposure 

of the conventional radiography. The dosage for the whole spine could be reduced to between 

1/6 and 1/9 of the standard does [6], while delivering the images of the full length of body, 

especially for a lateral image of the pelvic girdle, which can enhance our knowledge of the 

pelvic-spinal balance [124, 125]. Taken together, the weight-bearing upright position, the 

minimal radiation exposure, and the full imaging acquisition of spine and pelvic raised the 

potential use of the EOS for the 3-D assessments of the patients with AIS.  

 

2.4.2.2 Reliability and Variability of EOS Measurements 

The intra- and inter-rater reliability of the 3-D measurements of AIS obtained by the EOS 

imaging have been demonstrated to be good for the cases with mild [121], moderate [126] 

and severe [123] scoliotic curves. The mean absolute difference of the 3-D EOS 

measurements varied between 4° and 6° for the spine curves, between 1° and 4° for the pelvic 

parameters, and between 2° and 4° for the vertebral rotation [121, 127]. Due to the severity of 

the curve, the precision of the corresponding parameters measured would be slightly 
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increased by no more than 1°. In addition, Somoskeoy et al., found that the intra- and inter-

rater reliability would be higher for the EOS 3-D imaging than the 2-D radiography in the 

assessments of scoliotic curvature in the coronal and sagittal planes [128]. Furthermore, it has 

been also indicated that the 3-D postoperative reconstruction of the scoliotic spine could be as 

reproducible as the 3-D preoperative ones using the EOS imaging. The reproducibility was 

not affected by the type of implant used for the surgical correction. Moreover, the 

reconstructed accuracy of the EOS imaging has also been demonstrated in the shape, position, 

and orientation of each vertebra and the entire spine [123]. Overall, these results of studies 

provide the evidence pertaining to the EOS imaging technology that may aid in the clinical 

diagnosis and assessments for the patients with AIS. 

 

2.4.2.3 Other Application of EOS Assessments 

Recently, the 3-D reconstruction of the spine and rib cage by the EOS imaging has been 

validated in the healthy volunteers, the patients with early onset scoliosis undergoing the 

growing rod procedures [129], and the patients with AIS treated by the bracing [126] or the  

surgery [130]. In addition, EOS imaging could be used to predict the restrictive respiratory 

impairment by the spinal penetration index (SPI) and to determine the progression risk of 

mild scoliosis based on the parameters in the transverse plane of spine [125]. At the same 

time, a series of innovative programs have been developed to promote the efficient and 

effective utilization of the EOS imaging, such as the deformable articulated model [131] and 

the introduced vertebra vectors [130, 132]. 

 

2.4.3 Computed tomography 

2.4.3.1 Measurement of Vertebral Rotation and Distortion 
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Computed tomography (CT) enables the direct visualization of the transverse plane of 

vertebrae, which can facilitate to assess the vertebral rotation and distortion [133]. The 

methods used to measure the vertebral rotation through the CT scans include Aaro-Dahlborn, 

Ho, Krismer and Gocen, Haughton, Adam-Askin, Kouwenhoven, and Vrtovec. Among these 

methods, the Aaro-Dahlborn and Ho methods are widely applied in the scoliosis clinic [134, 

135]. The computerized program was developed by the Forsberg et al’s research team to 

achieve the fully automatic measurement of vertebral rotation using the Aaro-Dahlborn 

method in the transverse plane of CT images [136]. Based on the measurement of vertebral 

rotation, the vertebral distortion could be measured by comparing the rotation degrees 

between the anterior and posterior components of the scoliotic curves [137]. 

 

Besides, the spinal curvature could be also measured in the coronal plane of the reformatted 

CT images. The Cobb angles measured in the reformatted coronal CT images have been 

verified with the measurements in the frontal radiographs. Therefore, the CT imaging could 

allow the assessments of scoliotic deformity in the both coronal and transverse planes with 

the same dataset, avoiding the changes of the spinal geometry between the standing and 

supine positions [138].  

 

2.4.3.2 Assessment of Pedicle Morphology 

Measurement of vertebral rotation in the CT images has been demonstrated to be feasible in 

the prone position, which is identical to that the surgeons usually are faced with on the 

operating table [96]. In addition, CT images can provide the information of the pedicle 

morphology, which is considered as another important factor involved in the surgical 

correction of scoliotic spine. Gstoettner and colleagues reported that the measurement of 

pedicle dimensions is time-consuming but reliable using the 3-D CT imaging, especially for 



60 

 

the special cases with the anatomic vertebral structure unclear in the radiographic images 

[139]. Furthermore, Kuraishi et al. explored the possibility of using the CT-based navigation 

system to calculate the pedicle diameter, which is narrower on the concave side of the 

scoliotic spine than on the convex side. The application of the CT-based navigation system 

would provide the guidance for the surgeon when inserting the pedicle screw on the concave 

side of the patients with the AIS [140]. 

 

2.4.3.3 Evaluation of Pulmonary Capacity 

Reduced pulmonary capacity is a complex issue to be treated in the scoliosis patients with the 

severe curves. It has been shown that the CT-based volumetric reconstruction technique 

could reconstruct the pulmonary system of the patients with AIS and evaluate the change of 

the lung volume on the concave and convex sides of the scoliotic spine [141, 142]. The CT-

based volumetric reconstruction technique revealed that the severity of curve magnitude and 

apical vertebral rotation could restrict the lung volume on the concave side considerably than 

that on the convex side, and there would be an inverse correlation between the kyphotic angle 

and the convex to concave lung volume ratio [142]. The similar results were reported by 

Adam and colleague, who investigated the correlation of the rotation of the thoracic curves 

with the lung volume in the patients with AIS using the advanced CT-based volumetric 

reconstruction technique [141]. 

 

2.4.3.4 Other Application of CT Assessments 

The development of CT imaging allowed for the 3-D evaluation of volumetric bone mineral 

density and bone micro-architecture of the scoliosis patients, as discussed in the high-

resolution peripheral quantitative computed tomography [143] and the micro-computed 

tomography [144]. Besides, in order to overcome the drawback of CT imaging with high 
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radiation does, the innovative CT imaging system with low radiation does is under the 

research for the evaluation of the patients with AIS [145]. 

 

2.4.4 Magnetic resonance imaging 

2.4.4.1 Three Dimensional Assessments of Vertebrae 

Magnetic resonance imaging (MRI) could provide the high-quality 3-D images of the 

vertebrae with non-ionizing radiation. In the coronal plane of MRI images, the spinal 

curvature angle is measured using the Cobb method. Even though the MRI tends to 

underestimate the Cobb angle by 10° on average, there is a strong positive correlation 

between the MRI and radiograph on the lateral curvature measurements [146]. In the sagittal 

plane, MRI could assess the kyphotic and lordotic angles using the Cobb method, the results 

of which are superior to the radiographic assessments for the upper thoracic region [147]. In 

the transverse plane, it is easy for MRI to measure the vertebral rotation through the methods 

which are similar to the CT measurements.  

 

However, the main issue of MRI assessments is the scanning position. During the MRI 

scanning, the patients with AIS are often required to lie in the MRI scanning table, which is 

different from the position used in the radiography. The horizontal position would eliminate 

the effect of the gravity force and the postural reflexes on the scoliotic spine, leading to the 

corresponding change of the 3-D measurements of MRI. Hence, the axially loaded MRI has 

been proposed by means of a compression device to overcome the difference resulted from 

the horizontal position and simulate the imaging of spine in the standing position [148]. 

Several studies reported that the Cobb angles measured by the supine MRI with the axial 

loading were highly correlated with the measurements by the standing radiograph [149]. 

Little et al. revealed that the difference existed mainly in the curve magnitude rather than in 
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the vertebral rotation or the intra-vertebral rotation between the unloaded and loaded MRI 

measurements [149]. Recently, Diefenbach and colleague explored the application of the 

upright MRI in the assessments of the patients with scoliosis. Compared with the standing 

radiographic measurements, the upright MRI could produce the similar measurements of the 

lateral curvature in the coronal and sagittal planes [150]. However, the measurement of axial 

vertebral rotation of the upright MRI is still not well understood.  

 

2.4.4.2 Detection of Abnormality of the Neural Axis 

The MRI imaging could also play an important role in detecting the abnormality of the neural 

axis, thus being clinically applicable for the preoperative assessment. The Chiari 

malformation, the syringomyelia, the tethered spinal cord and diastematomyelia will be 

suspected if the patients with idiopathic scoliosis are found to have some indications, such as 

onset before 10 years of age, abnormal neurological examination, unusual curve pattern, and 

severe pain [151].  

 

2.4.4.3 Other Application of MRI Assessments 

The various applications of MRI assessments have been proposed to improve the knowledge 

and management of scoliosis, including the measurements of pedicle diameter [152-155], 

pulmonary function [156-158], vertebral disc characteristics [159-161] and rotation of spinal 

cord [162].  

 

The measurement of pedicle morphology could assist the surgeon to select the appropriate 

screw sizes [153, 156]. In contrast with other methods, MRI seems to be superior in that it 

could ensure the acquisition of the transverse images which are parallel to the superior 

endplate of each vertebra [156]. The pedicle morphology in the scoliotic spines differs from 
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those in the normal spines. The study of Rajwani et al. didn’t indicate whether the pedicle 

would grow longer on the convexity or the concavity [154]. In addition, Parent et al. and 

Catan et al. both suggested that the pedicle width was significantly diminished on the 

concave side of the scoliotic curves [153, 155]. Similar results have been reported that the 

pedicle width measured by MRI images were significantly thinner on the concave side than 

on the convex side in patients with AIS [152]. 

 

With the advent of ultrafast dynamic breath-hold MRI and multi-planar reformat technique, 

the lung volume, chest wall, and diaphragmatic motions between the inspiration and 

expiration phases could be measured with a high reliability in the subjects with or without 

AIS [157]. The ultrafast dynamic breath-hold MRI revealed that the impaired pulmonary 

function might be attributed to the limited chest wall motion in the patients with AIS [156]. 

Chu and colleague have demonstrated the effective role of the posterior spinal fusion on the 

lateral chest wall and diaphragmatic motions by means of the ultrafast dynamic breath-hold 

MRI in the patients with severe scoliosis, even though there was not significantly change in 

the lung volumes after surgery [158].  

     

The characteristics of the vertebral disc of the scoliotic spine could be reflected by the MRI 

imaging. Birchall et al. demonstrated that the mechanical torsion between the vertebral bodies 

and discs contributed to average 45% of the overall deformity in the transverse plane of the 

MRI images [163]. In addition, the 3-D geometrical properties of intervertebral discs could 

be revealed by the MRI imaging, such as the location of disc centers, the nucleus pulpous as 

well as the ratio between the nucleus pulpous volume and the disc volume. The results of 

MRI observations suggested that there was no significant relative volume variation in the 

whole spine except at the apex of the scoliotic curvature [159]. Furthermore, MRI imaging 
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was used to investigate the relationship of vertebral disc characteristics with pain of the 

patients with AIS. The results showed that the discogenic pain would commonly happen at 

the apex of curvature or at the proximal lumbar levels in the adult scoliosis [160]. Gervais et 

al. introduced a novel MRI method which could discriminate between the scoliosis and 

spondylolisthesis by detecting the change of distribution of the MRI signal intensity in the 

special indices [161]. 

 

2.4.5 Surface topography 

2.4.5.1 Various Surface Topography Systems 

Different surface topography systems have been developed in the assessments and follow-up 

examinations of the patients with scoliosis as well as other spinal deformities. The core 

technologies involved in the different systems including moiré technology and raster 

stereography. Moiré technology was one of the earliest forms of surface topography. The 

contour of the back surface could be analyzed in light of the distortion that occurs when a 

grid is projected onto the patient’s trunk [164]. Similar to the Moiré technology, the Raster 

stereography could project a series of narrow black and white stripes of light rather than a 

grid onto the patient’s trunk; and its distortion is also used to assess the curvature angle of the 

patients with scoliosis [165]. Currently, the commonly used surface topography systems 

which adopt the raster technology in the scoliosis clinic include ISIS (version 1 and 2) [166], 

Quantec [167, 168], Frometric [169, 170], and InSpeck [171, 172].   

 

The commercialized systems differ in the techniques of image acquisition, the degree of 

resolution, the scanning time, the degree of automation and the parameters proposed by the 

software. For example, the novel techniques such as the optical motion capture and the 

automation processing algorithm have been applied to the surface topography systems to 
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improve the imaging quality and measurement accuracy. Dynamic surface topography is 

established on the basis of the optical motion capture technique which can observe the 

dynamic changes of positions of the anatomical reference landmarks on the back surface. 

This technique allows for establishing the correlations between the breathing, postures, 

dynamic capability and the changes of the surface topography of the back [173]. Additionally, 

an automation 3-D surface topography system has been developed with the processing 

algorithm, which can automatically identify the anatomical landmarks of the human back 

[174]. Furthermore, Komeili et al. has proposed a 3-D marker-free analysis technique, which 

can be used to assess the torso asymmetry in the patients with scoliosis by means of the 

visually intuitive asymmetry map. Based on the distinct patterns of asymmetry, the patients 

with scoliosis would be classified into three groups and six subgroups. This technique 

promoted the utilization of the surface topography system with the marker-free placement, 

which has not been accomplished in the assessments of the patients with AIS [175].   

 

2.4.5.2 Three Dimensional Assessments of Back Surface 

Surface topography is a non-invasive method that uses a non-contact optical system to 

capture and assess the 3-D geometry changes of the torso. Compared with the radiography, 

surface topography has radiation-free imaging and concentrates on the external assessments 

of the spinal deformity [165], closely associated with the cosmetic problems of the patients 

with AIS [176]. Usually, the posterior aspect of the trunk is scanned by the surface 

topography in the upright position. At the same time, the “folding” or “clavicle” postures 

could be applied so as to highlight the thoracic gibbosities or humps [177, 178]. Besides, the 

lateral bending test could also be used to assess the flexibility of the trunk asymmetry of the 

patients with AIS [179]. However, the forward bending posture is not feasible due to the 
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misinterpretation of the spinal deformity and the increase of axial surface rotation about 3.2° 

on average compared with standing posture [180]. 

  

2.4.5.3 Parameters of Surface Topography Systems 

A variety of parameters have been proposed by the different surface topography systems. The 

measurements of these parameters are based on the distances and angles between the 

landmarks indentified on the torso, or on the geometric properties of the 2-D cross sections 

through the torso [167, 181]. Among them, the most common parameters used in the scoliosis 

clinics and researches include: the POTSI index, the Hump Sum and the DAPI index. In 

order to quantify the degree of left–right asymmetry in the coronal plane, posterior trunk 

symmetry index (POTSI) was proposed by Suzuki et al. [182]. It is a sum of six indices, 

calculated by looking at the relative positions of C7, shoulders, axillas and waists. The intra- 

and inter-raters measurement error of POTSI was 5.5 and 6.4, respectively; the value of 

POTSI below 27.5 was reported to be within the normal limits [182, 183]. To date, POTSI 

could be applied to evaluate the correction outcomes of the spinal deformity through the 

surgical intervention [184]. In the transverse plane, the deformity in the axial plane index 

(DAPI) has been developed to assess the left-right asymmetry at the level of the most 

protruding points of scapulae and at the deepest lumbar lordosis [185]; the value of DAPI 

inferior to 3.9% was reported as the normal limits. Additionally, a combined diagnostic 

criterion has been proposed accordingly: cases with the normal DAPI and POTSI could be 

regarded as the non-pathologic scoliosis (DAPI≤3.9% and POTSI≤ 27.5%), but cases with 

the high DAPI or POTSI were considered as the pathologic [185]. Similarly, the Hump Sum 

has been developed to quantify the rotational prominence in the transverse plane. The Hump 

Sum is a sum of the three hump indices, corresponding to the three levels of the spine: the 

proximal thoracic, the main thoracic and the thoracolumbar or lumbar. Currently, the 
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assessment of the surface deformity has been limited to the sagittal plane and needs the 

further research. 

 

2.4.5.4 Reliability and Variability of Surface Topography Measurement 

Irrespective the type of the systems and parameters, the detailed configuration of the back 

surface is reproduced, with the precision sufficient for the clinical assessments of scoliotic 

spine. Several different systems have been demonstrated to be highly reliable to assess the 

external asymmetry of the patients with AIS and to be correlated well with the radiographic 

measurements [186, 187]. It has been shown that the InSpeck system could provide the 

accurate and reliable assessments for the scoliosis patients with different types of spinal 

curvatures [177]. Berryman and his colleague demonstrated the reliability of the 

measurements produced by the ISIS system in the lateral asymmetry, rib hump height and 

thoracic kyphosis, with the mean difference between pairs of measurements of 1mm, -0.08 

mm and -0.02° +/−7.4° respectively [188-190]. In addition, the Quantec system was found to 

have a standard deviation (SD) value of 3.8° when assessing the thoracic kyphosis in the 

sagittal plane prior to the surgery [191]. Similarly, the measurements of the major curve 

presented an average SD value of 3.2° in the Formetric system [169].  

 

Additionally, raster-stereography could also reflect the curve progression of scoliosis, which 

is similar to the radiograph during a mean follow-up period of 8 years [192]. However, the 

measurement provided by the raster-stereography would be limited to the patients with 

extreme obesity or very muscularity [190]. Knott et al. found that the higher the patients’ 

BMI, the more variability the measurements of scoliotic spine by the surface topography; 

however, even at the highest BMIs, the variability of surface topography measurements was 

only 4.6° [193]. By contrast, Mohokum et al.’s study did not support the findings that BMI 
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could affect the reliability of surface topography measurements [194]. To conclude, the 

reliabilities of the above four surface topography systems have been demonstrated in the 

measurements of the spinal curvature in the coronal plane. Further research will be needed to 

validate the use of surface topography in the other anatomical planes. 

 

2.5 Ultrasound Assessments of AIS 

An accurate 3-D assessment of the patients with AIS is crucial to facilitate the diagnosis of 

scoliotic deformation and optimize the treatment strategies. The use of ultrasound has a 

growing popularity in the orthopedic practice for a variety of reasons, including decreased 

equipment costs, no radiation exposure and higher resolution images [195, 196]. In order to 

reduce the radiation exposure from repeated radiographic examinations, the application of 

ultrasound has become a potential option in the assessment of patients with AIS. A series of 

the related research have been conducted in Canada [17, 18, 21, 197], Hong Kong [198-201], 

Japan [202], America [203], Australia [204], Netherlands [14, 16] and other places. It has 

been shown that ultrasound can be used to assess the spinal curvature, vertebral rotation, 

muscle thickness, skeletal maturity and bone mineral status in the patients with AIS. 

Furthermore, the advent of 3-D reconstruction technique promoted the development of 3-D 

ultrasound system and facilitated the application of 3-D ultrasound in the assessments of 

scoliotic spine.  

 

Therefore, this part of literature review was to critically summarize the existing studies 

regarding the use of ultrasound in the scoliosis assessment practices, and estimate its future 

potential. In addition, the potential roles of 3-D ultrasound in the assistance of brace 

treatment and surgical intervention for the patients with AIS would also be discussed.  
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2.5.1 Muscle Thickness and Dimension Measurements 

The abnormality of muscles is often found between the concave and convex sides in the 

patients with AIS. It has been suggested that the muscle abnormality may be one of the 

important factors which involved in the etiology and development of AIS. Compared with 

other imaging technologies, ultrasound is superior to reflect the real-time change of muscle in 

scoliosis patients. The online literature search identified 5 research articles [205-209] and 1 

conference abstract [210]. Table 2.7 summarized the main characteristics of these studies. 
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Table 2. 7 Ultrasound measurements of muscle thickness and dimension 

Studies Ultrasound system Subjects Assessors Muscles measured Parameters Reliability 

 

1993 

Kennelly[205]
 

 

 

①Ultrasound B-scanner 

②5 MHz linear 

transducer 

 

 

20 AIS subjects 

(13°～53°) 

prone position 

 

 

1 assessors 

 

Lumbar multifidus at L4 level 

Muscle dimension 

(cross-sectional 

area) 

- 

 

 

2013 

Pawel[206]
 

 

①Ultrasound B-scanner 

②7.5 MHz linear 

transducer 

71 AIS subjects 

supine position 

- 

External oblique, internal 

oblique, 

and transversus abdominalis  

muscles 

Muscle thickness - 

 

2013 

Richte[210]
 

 

①Ultrasound machine 

②linear transducer 

9 AIS subjects 

(39.4±9.1°); 

prone position 

 

1 assessors 

 

Erector spinae at L3,apical 

vertebral, end-vertebrae level 
Muscle thickness 

intra-rater: 0.75-0.99 

ICC (2,1) 

2014 

Yang[207] 

①Ultrasound SonoAce 

X4 

②5-9 MHz linear 

transducer 

15 AIS subjects 

(15.4±4.8°); 

supine position 

 

2 assessors 

with 

experience 

 

External oblique, internal 

oblique, 

and transversus abdominalis  

muscles 

Muscle thickness 

intra-rater:>0.8 

ICC (3,1) 

inter-rater:>0.8 

ICC (2,1) 

 

2015 

Pawel[206]
 

 

①Ultrasound B-scanner 

②7.5 MHz linear 

transducer 

42 AIS subjects 

supine/standing 

position 

- 

External oblique, internal 

oblique, 

and transversus abdominalis  

muscles 

Muscle thickness - 

2015 

Zapata[209] 

① Ultrasound machine 

②1-4 MHz curve 

transducer 

10 AIS subjects 

(15°～24°); 

prone/standing 

position 

 

2 assessors 

with varying 

experience 

 

①Deep thoracic paraspinals 

muscles (thoracic multifidus, 

semispinalis, and rotator muscles) 

at T8 level; 

②Lumbar multifidus at L1/L4 

level 

Muscle thickness 

intra-rater: 0.83-0.99 

ICC (3,3) 

inter-rater:0.93-0.99 

ICC (2,3) 

 

 

 

 

 

 



71 

 

The emphasis of these studies were placed on the muscle asymmetry of paraspinal muscles 

(erector spinae [210] and multifidus [205, 209]) and lateral abdominal muscles (external 

oblique, internal oblique, and transverses abdominals) [206-208] between the concave-

convex sides in the patients with AIS. The main parameters detected by ultrasound imaging 

included the muscle thickness and muscle dimension (cross-sectional area). Specifically, the 

muscle thickness was determined as the length from the most posterior portion of the 

zygapophyseal joints to the inner edge of the fascia for the lumbar multifidus/thoracic 

paraspinal muscles [209] (Fig. 2.8a), whereas the vertical distance between the 

musculofascial layers for the lateral abdominal muscles [207] (Fig. 2.8b). Additionally, the 

measurement of muscle dimension (cross-sectional area) was directly made by an electronic 

calipers tracing around the muscle border [205, 209]. Moreover, the reliability of the 

ultrasound measurements has been established for quantifying the muscle asymmetry of the 

lumbar multifidus [209], erector spinae [210] and lateral abdominal muscles [207]. 
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Figure 2. 8 Ultrasound measurements of muscle thickness: (a) Multifidus muscle 

thickness of L4 measured by ultrasound; (b) Abdominal muscles thickness of bilateral 

external oblique (EO), internal oblique (IO), and transverse abdominal (TrA) muscles in 

patients with AIS. F = fascia; M = muscle tissue; Z = zygapophyseal joint (Yang et al. 2014 

and Zapata et al. 2015).  
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Knowledge of paraspinal and abdominal muscle asymmetries may improve the understanding 

of the pathogenesis in AIS. The real-time ultrasound measurements of the dynamic change of 

muscle thickness and dimension will help to monitor and guide the conservative treatments in 

the patients with AIS. Thus, further studies are deserved to investigate the correlation of the 

efficacy of rehabilitative exercise with the dynamic change of muscle asymmetry detected by 

the ultrasound imaging.  

 

2.5.2 Skeletal Maturity Determination 

The determination of skeletal maturity is essential in the management of patients with AIS, 

especially when deciding whether conservative or surgical treatment is indicated. Risser 

Grades is the most commonly used method to determine the skeletal maturity from the 

radiograph of iliac apophysis. The grades of the Risser sign (0–V) were defined by the extent 

of ossification of the apophysis of iliac crest (Fig. 2.9a). In order to reduce the radiation 

exposure of repeated X-ray examination, the ultrasound has been proposed as an alternative 

method to X-ray in the Risser Grades determination. Electronic literature search identified 4 

studies, which investigated how to use ultrasound to determine the skeletal maturity [204, 

211-213].  

  

It has been demonstrated that Risser Grades was also applied in the ultrasound assessment of 

the skeletal maturity [204, 212, 213]. According to the Risser Grades, ultrasound scanning 

was performed from the antero-lateral to the postero-medial aspect of the iliac crest. In the 

ultrasound images, the iliac wing is shown as the notched image, and the hypertensive region 

over the iliac wing shows the apophysis (Fig. 2.9b,c). The reliability and validity of the 

ultrasound method of Risser Grades have been demonstrated in comparison with the 

radiographic method [211, 212]. In addition, Hrovje et al. proposed to subdivide Risser Grade 
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IV into Grade IVa and IVb in the ultrasound images, according to the amount of cartilage left 

unossified between iliac apophysis and iliac wing, in order to determine exactly when to 

discontinue brace treatment of scoliosis [213]. On the basis of the existing studies, further 

research is required to validate the proposed Risser Grades determined by ultrasound in a 

larger sample size, and explore its clinical application of scoliosis treatments.  

 

 

 

Figure 2. 9 Ultrasound determination of skeletal maturity: (a) Risser grades (0–V); (b) 

Ultrasound scanning from the antero-lateral to the postero-medial aspect of the iliac crest 

wing of the subject with Risser grade II; (c) The ultrasound image of the iliac wing is the 
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notched image, and the hypertensive region over the iliac wing shows the apophysis (arrow) 

(Torlak et al. 2012). 

 

2.5.3 Bone Quality Assessment 

Decline of bone quality is associated with the development of scoliotic spine. To assess the 

extent of bone quality, the use of quantitative ultrasound (QUS) has been studied in patients 

with AIS [214]. From the electronic literature search, 6 studies have been identified, 

including 3 research articles [215-217] and 2 conference abstracts [218, 219].   

 

Three parameters were proposed to evaluate the bone quality using QUS: the ultrasound 

velocity or speed of sound (SOS), broadband ultrasound attenuation (BUA) and stiffness 

index (SI). The QUS was undertaken along the longitudinal axis of the radial bones or over 

the non-dominant calcaneus [201, 215, 217]. Lam et al. reported that calcaneus BUA and SI 

were found to be lower in AIS as compared with controls [215]; SI was an independent 

prognostic factor when estimating the risk of curve progression [201]. Chen et al. found that 

radial SOS measured by QUS was significantly reduced in AIS patients. In addition, they 

suggested that the bone quality may be correlated with the maturation status rather than the 

curve type and severity in patients with AIS [217-219]. Further studies are deserved to make 

use of QUS to clarify the role of bone quality in the etiopathogenesis of AIS, and to assist the 

conservative treatment planning in clinical setting. 

 

2.5.4 Development and validation of 3-D ultrasound systems 

In order to reflect the 3-D spinal deformation of scoliosis, the 3-D ultrasound system has been 

developed, which is composed of B-mode ultrasound scanner, tracking system and specific 

computer programs [12, 14, 21, 199]. The tracking system can record the 3-D orientation of 
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the ultrasound transducer when ultrasound scanning is performed. Based on the 3-D 

orientation data recorded, the 3-D information of the posterior section of vertebrae could be 

determined and calibrated for further image processing and analysis. Then the 3-D 

reconstruction of spine could be done by means of specific computer programs. Recently, the 

optical and electromagnetic tracking systems have been developed and used in the 3-D 

imaging of scoliotic spine.   

 

A series of research have been conducted to develop and validate the 3-D ultrasound system 

in the assessment of scoliotic spine. From electronic literature search, 15 studies have been 

identified [7-14, 16-18, 220-222], of which 8 studies were from conference papers [7, 8, 11-

13, 15, 16, 18]. Purnama et al. introduced a framework for human spine imaging using a 

freehand 3-D ultrasound system with an optical tracking system [14, 16]. Optical trackers 

need to use wireless markers, which are not affected by metallic or electronic objects in the 

environment [221] (Fig. 2.10a). However, the varying position of the attached markers 

relative to the vertebral landmarks will affect the extracted 3-D data of scoliotic spine. The 

validation of 3-D ultrasound system with optical trackers has been proved. The errors of the 

axial rotation and vertebral tilt measurements using the centers of mass were in the range of 

0.4 ~3.3° and 0.1~2.9°, respectively [16]. 

 

In the electromagnetic tracking system, an electromagnetic spatial sensing device and a 

spatial sensor mounted onto the ultrasound probe were used to collect the spatial information 

[9, 12] (Fig. 2.10b). Cheung et al. have developed a 3-D ultrasound system which projects the 

virtual 3-D model of spine phantom into three orthogonal planes and Cobb angle could be 

measured in the coronal plane [10, 12]. Meanwhile, a novel surface rendering technique has 

been successfully applied in the 3-D ultrasound system by Lou and his colleague [9, 17, 18, 
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222]. The accuracy of reconstructed 3-D image of spine was validated by the small 

dimension measurement error and a difference of 2~5° in Cobb angle [9, 12] and 0.8~3.6° in 

vertebral rotation assessments [9].  

 

 

 

Figure 2. 10 The 3-D ultrasound systems: (a) with optical tracking markers; (b) with 

electromagnetic spatial device and sensor (Cheung et al. 2015 and Purnama et al. 2010). 

 

The recent studies have shown that it was feasible to use 3-D ultrasound system to 

reconstruct the 3-D surface of the posterior section of vertebrae [9, 17, 18], spine phantom 

[12] and scoliotic spine from AIS patients [10, 17]. However, some limitations still exist in 3-

D ultrasound system due to the inherent characteristics of ultrasound. Firstly, it is difficult for 
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ultrasound to image the vertebral body due to the acquisition configuration and the lack of 

ultrasound energy penetrating through bone. Secondly, the increase of the axial vertebral 

rotation has a tendency to make some of the areas behind the spinal process have no 

ultrasound signal. The reason is the side of the spinous process facing toward the transducer 

blocks the emitted ultrasound signals. Thirdly, the developed 3-D ultrasound reconstruction 

technique still needs an operator to manually or semi-automatically identify the contours of 

the vertebrae surface on each B-mode image and to perform digitization. Therefore, future 

studies are deserved to improve the technology of 3-D ultrasound imaging process to create 

better 3-D ultrasound images, to accomplish the automatic extraction and measurement. In 

addition, more patients’ data are required to further validate the measurement accuracy of 3-

D ultrasound system in the clinical setting. 

 

2.5.5 Coronal Curvature Measurements 

Accurate measurement of the coronal curvature is essential in the scoliosis clinical practice. 

The Cobb angle measured from the standing postero-anterior (PA) radiograph is the standard 

method to measure the coronal curvature. Compared with radiographic imaging, ultrasound 

appears to be unable to image the whole scoliotic spine in the coronal plane. Soft tissue-bone 

interface is a strong reflector for ultrasound signals, making ultrasound imaging for the 

posterior structure of vertebrae possible. It has been shown that the landmarks located in the 

posterior structure of vertebra could be observed in the ultrasound images, including the 

landmarks such as spinous process, laminae, transverse process and superior articular 

processes (Fig. 2.11) [17, 18]. The development of 3-D imaging reconstruction technique 

makes it possible to reconstruct 3-D ultrasound images by means of the posterior landmarks 

identified. This is the basis of using ultrasound to reflect and measure the coronal curvature 

of scoliotic spine.  
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Figure 2. 11 Ultrasound images of vertebral landmarks: Spinous process, Laminae, and 

Transverse process (arrow) (Chen et al. 2013).  

 

Table 2.8 summarizes the studies of ultrasound measurements of coronal curvature. The 

studies evaluating the reliability and/or validity of using ultrasound to measure the coronal 

curvature were identified. Of these, 3 studies were from the conference abstracts [12, 198, 

223], 1 study was the purely technique paper [203], and 4 studies investigated the application 

of ultrasound measurements [10, 21, 199, 224]. Various approaches to the measurement of 

coronal curvature were proposed in terms of the different landmarks identified, including the 

Ferguson method [197], spinous process angle (SPA) method [198, 199], center of laminae 

(COL) method[21, 223], transverse process angle (TxA) method [224] and the “Cobb” 

method [10, 12].  
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Table 2. 8 Ultrasound measurements of spinal curvature in the coronal plane 

Studies Ultrasound system Subjects Assessors 
Measurement 

method 
Landmarks 

Measurement 

Procedure 
Reliability 

 

 

1986 

Letts[197]
 

 

 

①Ultrasonic digitizer; 

②Microphone sensors; 

③Specially designed software. 

30 AIS subjects 

(15°～73°); 

standing position 

- Ferguson spinous process - 
intra-rater:0.997 

(spearman coefficient) 

2012 

Li [199] 

①Esaote MPX ultrasound unit; 

②7.5MHz linear transducer; 

③Tom Tec 3-D tracking system; 

④SPA calculator software. 

12 AIS subjects 

(20°～40°); 

standing position 

1 assessor SPA spinous process 
blind; 

3 ×measurements 

intra-rater: >0.9 

ICC (3,3) 

2013 

Chen[21] 

 

①Olympus TomoScan Phased 

Array ultrasound; 

②5MHz linear transducer; 

③TomoView
TM

 software. 

 

cadaver spinal 

column phantom 

3  assessors 

with varying 

experience 

COL laminae 
2 ×measurements 

with 1 week interval 

intra- rater:0.976 

(ICC) 

inter-rater:0.877 

(ICC) 

2013 

Chen[21] 

①Olympus TomoScan Phased 

Array ultrasound; 

②5MHz linear transducer; 

③TomoView
TM

 software. 

 

5 AIS subjects 

(14°～34°); 

standing position 

1 assessor COL laminae 2 ×measurements - 

2013 

Cheung[12] 

① Hitachi ultrasound scanner; 

②5-10MHz linear transducer; 

③Electromagnetic spatial 

sensoring device. 

 

cadaver spinal 

column phantom 
- 

“Cobb” 

(TP-TP/TP-SAP) 

transverse process/ 

superior articular 

process 

2 ×measurements 

intra- rater:0.99 

inter-rater:0.89 

(ICC) 

 

2014 

Ungi[224]
 

 

①Sonix Tablet with GPS; 

②5MHz linear transducer; 

③3-D Slicer application 

software. 

cadaver spinal 

column phantom 
3 assessors TxA transverse process - - 

2015 

Cheung[10] 

①Hitachi ultrasound scanner; 

②6-14MHz linear transducer; 

③Electromagnetic spatial 

sensoring device. 

 

28 subjects 

(1.9°～29.9°); 

standing position 

2 assessors 
“Cobb” 

(TP-TP/TP-SAP) 

transverse process/ 

superior articular 

process 

2 ×measurements 

intra- rater:0.57 for TP-TP 

inter- rater:0.75 for TP-TP 

intra- rater:0.93 for TP-SAP 

inter- rater:0.89 for TP-SAP 

(ICC) 

      

Data is taken from the Result section of the articles 

        ICC: intra-class correlation coefficient; SPA: spinous process angle; COL: center of laminae;  

TxA: transverse process angle; TP: transverse process; SAP: superior articular processes. 
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The first attempt to use ultrasound to measure the coronal curvature was done by Letts et al., 

who applied ultrasonic digitization to record the spatial position of spinous process along the 

scoliotic curve and calculated the curve magnitude through specific computerized procedure 

[197]. The modified Ferguson method was applied, in which the coronal curvature was 

measured by the angle between the two lines that connect the spinous process of the end 

vertebrae with that of the apical vertebra. The other studies were reported in the recent 5 

years, when the 3-D reconstruction technique had been successfully developed and applied in 

ultrasound imaging. Wong and his colleagues proposed to assess the scoliotic curvature using 

the spinous process angle (SPA) method, and demonstrated its high correlation with Cobb 

angle [198, 199]. SPA is described as the accumulating angle formed by every two lines 

joining three neighboring spinous processes of a scoliotic spine (Fig. 2.12a). In addition, 

Ungi et al. tried to choose the transverse processes as the landmarks to measure the coronal 

curvature using the transverse process angle (TxA) method [224]
 
(Fig. 2.12b). However, this 

method was verified only in an adult and a pediatric scoliotic model. At the same time, the 

center of laminae (COL) method was proposed by Lou’s research group [17, 18, 21]. The 

spinal curvature was calculated by the angle between the two lines that connected the centers 

of laminae at the upper-end and lower-end vertebrae (Fig. 2.12c). The reliability and validity 

of the COL method have been demonstrated in both the cadaver spinal column of scoliotic 

model [17, 18] and the patients with AIS
 [21]

. Similarly, Cheung et al. presented the Cobb 

method using the transverse process and/or superior articular processes (TP-TP/TP-SAP) at 

the level of end-vertebrae to assess the spinal curvature (Fig. 2.12d) in phantom studies [12]
 

and clinical trials [10], respectively. 
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Figure 2. 12 Ultrasound measurements of coronal curvature using (a) Spinous process 

angle (SPA) method; (b) Transverse process angle (TxA) method; (c) Center of laminae 

(COL) method; and (d) “Cobb” method using the transverse process and/or superior articular 

proces (Li et al. 2012; Ungi et al. 2014; Chen et al. 2013 and Cheung et al. 2013). 

 

Several issues of the methodological quality in these studies should be noticed: (1) The 

evidence was limited in the validation of ultrasound measurements of coronal curvature in the 

clinical setting due to the small sample size. In addition, only 4 studies provided description 

or source of the assessors
 [10, 12, 199, 224]

, which made it difficult to understand the assessor's 

qualifications, skills, and length of training for future clinical comparisons. (2) Among the 

reviewed studies, the most widely used statistical method for the calculation of reliability was 

the ICC, which is a recommended option for continuous scales [225]. However, only 1 study 

provided no information of the ICC type
 
[199]. The Spearson coefficient was used as a 
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measure of reliability in one study which is likely to provide overly optimistic estimates of 

reliability. (3) Five studies did not describe blinding of the assessors either to the subjects’ 

clinical information or to the other assessors’ measurement results. This would cause the bias 

of measurement procedure.  

 

In summary, the feasibility of using ultrasound to measure the coronal curvature has been 

demonstrated. Further research is required to validate the proposed ultrasound measurements 

in a larger sample size, and to further standardize the measurement procedure. 

 

2.5.6 Vertebral Rotation Measurements 

The posterior structure of vertebrae could be displayed by ultrasound imaging in the 

transverse plane. Similar to CT/MRI measurements, ultrasound could also visualize and 

measure the vertebral rotation in the transverse plane of scoliotic spine. A total of 7 studies 

[202, 226-231] have been identified, of which 6 studies were the conference abstracts [226-

231]. The detailed information of these studies was shown in Table 2.9. Burwell et al. 

reported their results in 4 conference papers [226-229], which were related to ultrasound 

assessments of vertebral rotation and rib rotation. However, the authors did not provide any 

information about how to use ultrasound to measure the rotation and how reliable the 

measurements were. 
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Table 2. 9  Ultrasound measurements of vertebral rotation in the transverse plane 

Studies Ultrasound system Subjects Assessors 
Measurement 

method 
Landmarks 

Measurement 

Procedure 
Reliability 

 

1989 

Suzuki[202]
 

 

 

①Shimazu SDL-300 ultrasound 

machine; 

②5.0MHz linear transducer. 

42 scoliosis 

subjects; 

prone position 

- 
direct 

measurement 
laminae - - 

 

2015 

Chen[230]
 

 

 

①Olympus TomoScan Phased 

Array ultrasound; 

②5MHz linear transducer; 

③TomoView
TM

 software. 

 

cadaveric 

vertebrae 

1 assessors with 

3 years’ 

experience 

L-L laminae 
2×measurements with 

1 week interval 

intra- rater: >0.9 

ICC (2,k) 

 

2015 

Vo[231]
 

 

 

①Sonix Tablet with GPS; 

②4.0MHz convex transducer; 

③3-D image processing software 

 

cadaveric 

vertebrae 

3 assessors with 

six months’ 

experience 

L-L/TP-TP 

 

laminae/ 

transverse process 

 

blind; 

3 ×measurements 

with 1 week interval 

intra- rater: >0.9 

inter- rater: >0.9 

ICC (2,k) 

 

Data is taken from the Result section of the articles 

    ICC: intra-class correlation coefficient; COL: center of laminae. 

 

The possibility of using ultrasound to assess vertebral rotation has been firstly studied by 

Suzuki et al.[202], who combined the ultrasound system with an inclinometer to measure the 

vertebral rotation from scoliosis patients in a prone posture (Fig. 2.13a). However, this 

method relied on radiographs to determine the positions of each vertebrae and thus the whole 

process of measurement was time-consuming. Additonally, the reliability of this method has 

not been documented. Recently, Lou and his colleagues tried to assess the vertebral rotation 

by means of 3-D ultrasound technique and specific programs [230, 231]. In the transverse 

plane of ultrasound images, the rotation of each reconstructed vertebra was automatically 

determined by the angle between the line going through either the centers of laminae (L-L) or 

the centers of transverse processes (TP-TP) and a reference horizontal line (Fig. 2.13b). 

However, the measurement is limited to cadaveric vertebrae. Further studies are deserved to 
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explore the possibility of using the proposed 3-D ultrasound method to measure the vertebral 

rotation in subjects with AIS in the clinical setting. 

 

 

 

Figure 2. 13 Ultrasound measurements of vertebral rotation using (a) Combination of  

ultrasound with an inclinometer; (b) Centers of laminae (L-L) or transverse processes (TP-TP) 

methods (Suzuki et al. 1989). 

 

2.5.7  Other Application of Ultrasound Assessments 

Other than the assessments in the coronal and transverse planes, ultrasound measurement has 

also been investigated in the sagittal plane. An ultrasound-based motion analysis system has 

been developed for the purpose of screening for scoliosis, and applied to assess the kyphosis 

and lordosis of the growing children’s spine in the sagittal plane [232, 233]. In addition, 

several studies have been conducted to explore and test the novel application of ultrasound 

assessments, including estimation of the curve flexibility [234, 235], 3-D analysis of chest 

wall motion during breathing [236], and geometrical measurement of the rib hump [237]. 

However, due to a limited number of participants in these studies, the validation and 
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reliability of these novel applications of ultrasound assessments should be further 

investigated.   

 

Due to the non-radiation exposure to patients, ultrasound assessment could be performed 

repeatedly to provide the dynamic changes of the scoliotic spine during the conservative and 

surgical treatments [200]. To improve the effectiveness of spinal orthosis, Wong et al. [199] 

investigated if real-time ultrasound could aid orthotists in determining the optimum 

magnitude and location of the pressure pad resulting in optimal in-brace correction of the 

spine. During the fitting procedure of the spinal orthosis, ultrasound scanning was undertaken 

and spinous process angle (SPA) was measured. The optimal location of pressure pad of 

spinal orthosis was determined at the spot where the best curvature correction was achieved 

according to the differences between the pre-brace SPA and the in-brace SPA measurements. 

As a result, 62% of patients in this study benefitted from the use of ultrasound measurement 

[199]. Likewise, Lou and his colleagues applied ultrasound-assisted brace casting to obtain 

the immediate and optimal simulated in-brace correction [238, 239]. In addition, Stokes et al. 

[240] and Yoon et al. [241] applied ultrasound to assess the rod length in scoliosis patients 

undergoing surgical treatment with magnetically-controlled growing rod (MCGR). 

Ultrasound is a viable alternative to radiography and can provide reliable assessment of the 

MCGR lengthening.  

 

Ultrasound technology could provide a comprehensive imaging assessment of scoliosis from 

soft tissues to bony structures, but further research is still needed to validate the proposed 

ultrasound measurements in larger clinical trials.  
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2.6  Summary of Literature Review 

Scoliosis is a complex three-dimensional spinal deformity, characterized by lateral curvature, 

vertebral rotation, and geometric changes in the trunk and rib cage. Medical imaging 

evaluation is essential for determination of the severity of scoliotic spine, prediction of the 

progression and assistance of the decision-making interventions for scoliosis. Traditionally, 

spinal radiography was the primary means of quantifying the severity of scoliosis patients. 

However, this method is confined to the assessment of spine in the frontal and lateral planes. 

The hazardous health implications associated with the frequent and prolonged exposure to 

radiation have been of primary concern for the scoliotic patients, who are often undergoing 

the critical growth and developmental stages. Consequently, various imaging modalities 

which are capable of providing the 3-D assessments of scoliosis and involving no ionizing 

radiation have been developed and studied.  

 

The purpose of this literature review is to provide better insight into the clinical utilizations 

and the research progress of radiography, computed tomography, magnetic resonance 

imaging, surface topography and ultrasonic imaging, along with the critical concerns that 

should be addressed in the future studies. Classical radiography serves as the most common 

method to determine the curve type and magnitude. Computer tomography and magnetic 

resonance imaging enable the direct visualization of the transverse plane of spine. Surface 

topography, as a non-invasive method, places emphasis on the external assessment of the 

trunk deformity. Ultrasound has been proposed in the non-invasive 3-D assessments of 

scoliotic spine. Computed tomography (CT) and magnetic resonance imaging (MRI) are 

indicated in the patients who are candidates for surgery. At present, stereo-radiography and 

ultrasound seem to be the most promising techniques, which is able to provide the 3-D 

assessments of AIS.  
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Major advances have occurred in the past 5 years in the development and validation of the 

ultrasound assessments for the patients with AIS. The development of 3-D ultrasound system 

enabled the 3-D reconstruction of spinal images and assessments of spinal curvature and 

vertebral rotation in various anatomical planes that could not be accomplished previously. 

The validity and reliability of 3-D ultrasound measurements have been verified in the 

vertebral models and the spinal phantom in the experiments, and the patients with AIS in the 

clinical trials. Continuous studies are deserved to further validate the proposed 3-D 

ultrasound methods in clinical applications. On the basis of 3-D ultrasound assessments, 

further optimization of the orthotic treatment and rehabilitation exercise for patients with AIS 

should be explored in the future studies. 
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CHAPTER 3  Reliability Study of 3-D Ultrasound Assessments in 

Patients with Adolescent Idiopathic Scoliosis 

 

3.1 Introduction 

Adolescent idiopathic scoliosis (AIS) presents with a lateral and rotational deformity of the 

spine [1, 2]. The spinal curvature in the coronal plane and vertebral rotation in the transverse 

plane are both important parameters of the deformity in AIS, which can be used to assess the 

severity of scoliotic spine, to monitor the risk of curve progression, and to evaluate the 

treatment outcomes [57]. These two parameters are also associated with the ribcage 

asymmetry, leading to reduced respiratory capacity and cosmetically disfiguring rib hump [93, 

94, 251]. In addition, AIS would often cause a disturbance of spine in the sagittal plane, 

resulted in the abnormal thoracic kyphosis and lumbar lordosis [24]. This abnormal sagittal 

profile has been thought to influence the biomechanical stability of spine, which are relevant 

to the etiology, progression and decision-making intervention of AIS [255- 261].  Therefore, 

an accurate and reliable assessment of coronal curvature in the coronal plane, vertebral 

rotation in the transverse plane and kyphotic and lordotic angles in the sagittal plane is of 

paramount importance for the patients with AIS. 

 

Nowadays, the radiographic assessment of scoliotic spine continues to be the most widely 

used method in a scoliosis clinic. In routine clinical practice, radiographic assessments are 

performed throughout the course of treatment of the patients with AIS. However, the 

frequency of radiation exposure in monitoring scoliosis concerns many adolescents and their 

parents in light of evidence that cumulative radiation exposure could increase cancer risk [6]. 

In addition, the radiographic assessment of scoliotic spine is limited in the coronal and 
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sagittal planes, which represent a simplification of the true 3-dimensional (3-D) spinal 

deformity involved in scoliosis. Thus, the attempts to reduce or eliminate radiation exposure 

in adolescents and visualize 3-D characteristics of scoliotic spine have led researchers to 

develop new imaging technologies, such as stereo-radiography (EOS), ultrasound imaging, 

and magnetic resonance imaging (MRI). 

 

Among various imaging technologies, ultrasound imaging is a non-radiation and cost-

effective method, which is accessible in the majority of medical institutes. The posterior 

structure of vertebrae could be displayed by ultrasound imaging in the transverse plane [17, 

18]. The feasibility of using these landmarks to assess the spinal curvature has been studied. 

In 1988, the first attempt to use ultrasound to assess the spinal curvature was made by Letts et 

al., who applied the ultrasonic digitization to identify the spinous process and document the 

spinal curvature angle using the Ferguson method [197].  

 

The development of 3-D ultrasound systems can enable the 3-D reconstruction of vertebral 

images and facilitate the measurement of scoliotic spine in various anatomical planes that 

could not be accomplished previously [7-14, 16-18, 221]. Thus, the use of 3-D ultrasound 

systems in the scoliosis assessment has gained considerable attention over the past decade. A 

series of research regarding the 3-D ultrasound assessments have been conducted in Canada, 

Hong Kong, Japan, Australia, Netherlands and other places. Spinous processes, laminae and 

transverse processes can be visualized and used as the landmarks to measure the lateral 

curvature and vertebral rotation in the coronal and transverse planes of the ultrasound images 

[10, 12, 21, 199, 230, 231].  
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In the recent years, Wong et al. has shown that the Cobb angle could be estimated through the 

spinous process angle (SPA) method in the 3-D ultrasound images, by which the optimal 

location of pressure pad of the spinal orthosis could be determined during the fitting 

procedure of orthosis [198, 199]. Additionally, Ungi et al. found that the transverse process 

angle (TRA) obtained from the 3-D ultrasound images could be correlated with the Cobb 

angle from the radiographic images when measuring the spinal curvature in the coronal plane 

[224]. In Canada, the center of laminae (COL) method has been proposed by Lou and his 

colleague using the 3-D ultrasound to measure the coronal curvature of scoliosis in a phantom 

study. The results indicated that the COL method was applicable for the patients with AIS 

ranged from 12° to 45°, with the high intra- and inter-reliability of the 3-D ultrasound 

measurements. Furthermore, the correlation was found to be high between the COL method 

in 3-D ultrasound and the Cobb method in radiograph; the measurement difference between 

these two methods was less than 5° [17, 21]. 

 

The above studies indicated the importance and future trend of using 3-D ultrasound in the 

assessment for the patients with AIS. However, most of the relevant results currently 

available regarding the 3-D ultrasound assessments of spinal curvature and vertebral rotation 

were derived in the phantom studies, but not in the clinical trials. For this reason, it is 

warranted to systematically validate the proposed 3-D ultrasound measurements of the 

patients with AIS in the clinical setting. Thus, the objective of this study was to explore the 

possibility and reliability of using the proposed 3-D ultrasound method to measure the 

coronal curvature in the coronal plane, vertebral rotation in the transverse planes, kyphotic 

and lordotic angles in the sagittal plane for the subjects with AIS under the clinical setting. 
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3.2 Materials and Methods 

3.2.1 Reliability Study of 3-D Ultrasound Assessments in AIS 

The feasibility of using 3-D ultrasound to scan and measure the patients with AIS has been 

investigated under the clinical setting in the present study. This study was conducted 

according to the Guidelines for Reporting Reliability and Agreement Studies (GRRAS) [225]. 

To evaluate the reliability of 3-D ultrasound assessments, the 3-D ultrasound images were 

randomly assigned without specific order for measurements. The two raters were blinded to 

subjects' clinical information and they measured the spinal curvature in the coronal plane, 

apical vertebral rotation in the transverse plane, kyphotic and lordotic angels in the sagittal 

planes independently in 3 trials each with one week interval. The time required was about 3 

minutes for 3-D ultrasound measurements.  

 

3.2.2 Subjects 

The subject selection criteria were as follows: 1) female adolescents; 2) age: 10-18 years; 3) 

Cobb angle: 10°-80°; 4) no prior surgical treatment; 5) out-of-brace MRI examination of the 

whole spine on the same morning. 

 

Human ethical approval was granted from both the Human Subjects Ethics Sub-committee of 

the Hong Kong Polytechnic University and the Joint Chinese University of Hong Kong-New 

Territories East Cluster Clinical Research Ethics Committee. All the examination procedures 

were explained and written informed consents were obtained from the subjects and their 

parents. 
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As the subjects are young females (10-16 years), their privacy rights are paramount. A female 

researcher was involved in the whole data collection procedure and the subjects’ 

parent/guardian could be present during scanning.  

 

3.2.3 3-D Ultrasound System 

The 3-D ultrasound scan was performed with a 3-D SonixTABLET ultrasound unit (Analogic, 

Massachusetts, USA), consisting of a C5-2/60 convex transducer, SonixGPS and a 3D 

Guidance device (driveBAY, Ascension Ltd., USA) (Fig 3.1a). An electromagnetic tracking 

sensor is built into the ultrasound transducer. The Ultrasonix program (Version 6.1.0) is 

bundled with the 3-D ultrasound unit and used to perform the ultrasound data acquisition (Fig 

3.1b). During the ultrasound scanning, the parameters of ultrasound scan were set as follows: 

frequency 2.5 MHz, penetration depth 18cm, gain 10% with linear time gain compensation. 

To extend the the size of ultrasonic image frames; the UlteriusEx program (Version 3.0) has 

been developed and installed into the Ultrasonix program. These two programs were working 

collaboratively to collect the raw data of ultrasound images in the real-time mode (Fig 3.1c).  
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Figure 3. 1 3-D Clinical Ultrasound System: (a) 3-D Ultrasound Unit with a SonixGPS 

System; (b) Ultrasonix Program Interface (Version 6.0.7); (c) UlteriusEx Program Interface 

(Version 2.0) 

 

3.2.4 Observers 

Two observers with varying experience of ultrasound measurement participated into this 

study. Observer 1 was a research fellow with approximately 5 years of experience, while 

Observer 2 a rehabilitative physician with 2 years of experience. Prior to the study, each 

observer was trained to practice the 3-D ultrasound scanning in the supine and standing 

positions, and the 3-D ultrasound measurements for at least 10 volunteers.  

 

3.2.5 3-D Ultrasound Scan in the Supine Position 

A purpose-design couch with a central rectangular slot (size: 12 cm [width] x 60 cm [length]) 
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was used to facilitate the ultrasound scanning in the supine position (Fig 3.2). The size of the 

slot could exactly expose the subjects’ scoliotic spine when the ultrasound transducer was 

scanning along the coronal curvature from C7 to S1.  

 

 
 

Figure 3. 2 3-D Ultrasound Experiment Setting and a Purpose-design Coach with a 

Rectangular Slot 

 

Each subject wore a gown with the back opened (about 8 cm) to allow the ultrasound 

scanning. The spinous processes from C7 to S1 were palpated and the general trend of 

coronal curvature was marked on the subjects' back by a water soluble marker (Fig 3.3a). To 

ensure a smooth scanning and good coupling between the transducer and skin, sufficient 

ultrasound gel was applied between the transducer and the subject’s back.  
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Figure 3. 3  3-D ultrasound scan in the supine position (a) A subject with AIS; (b) Level 

meter; (c) Ultrasound scanning was undertaken in the supine position. 

 

Then, the subjects were instructed to lying on the scanning couch in the supine position. 

Before scanning, a level meter was used to ensure the anterior superior iliac spines (ASISs) of 

subjects at the horizontal level which was used as a reference for the 3-D ultrasound 

measurements (Fig 3.3b). In addition, to prevent the shift of the trunk, the position of the 

subjects' ASISs would also be adjusted to be parallel with the edge of the ultrasound scanning 

couch. 

 

With the 3-D ultrasound unit activated, the ultrasound probe was moved caudally along the 

coronal curvature from C7 to S1 inside the slot of the scanning couch (Fig 3.3c). Under the 
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scanning couch, a mirror was used to reflect the marked trend of the coronal curvature, which 

assisted to place the probe correctly while moving it along the spine (Fig 3.3c). In addition, it 

was required that the observer push the ultrasound probe upward to attach on the subjects’ 

back tightly all the time. During the ultrasound scanning, the image of the transverse plane of 

vertebra was reflected in each of the ultrasonic frames (Fig 3.3c). Three ultrasound scans 

(with no breaks in between) were acquired for each observer and it took less than a minute 

for 1 scan. Therefore, each subject underwent 6 scans (2 observers and each with 3 scans). 

 

3.2.6 3-D Ultrasound Images Reconstruction and Landmarks Identification 

3-D Ultrasound Images Reconstruction 

The ultrasound data, which consisted of signal strength and position information, were then 

exported into the Medical Image Analysis Software (MIAS) (Fig 3.4). This purpose-design 

software would reconstruct the 3-D ultrasound images of the vertebrae and perform the semi-

automatic measurements. The reconstructed 3-D ultrasound images of vertebrae were shown 

in the 3 orthogonal planes (coronal, sagittal and transverse) (Fig 3.5).  
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Figure 3. 4 Self-developed medical image analysis software (MIAS) for 3-D 

reconstruction of ultrasound images and measurements for scoliotic spine. 

 

 
 

 

Figure 3. 5 The reconstructed 3-D ultrasound images of a scoliotic spine in the 3 

orthogonal planes: (a) Coronal plane; (b) Sagittal plane; (c) Transverse plane. 

 

Identification of Vertebral Landmarks 

In the interface of MIAS, the observer used the mouse to select each vertebral level in the 

coronal plane of the 3-D ultrasound image, while the corresponding image in the transverse 
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plane would be also displayed. In the coronal plane of 3-D ultrasound image, the laminae 

could be easily recognized, while in the transverse plane the landmarks such as the spinous 

processes, laminae and transverse processes could be clearly identified (Fig 3.5).  

 

Similar to the radiographic method, the vertebral level could be identified in the coronal 

plane of 3-D ultrasound image. As shown in Fig. 3.5, the ultrasound signals reflected from 

the ribs are always larger and stronger due to the relative large and flat surface of the ribs (Fig 

3.5a). Therefore, the ribs can be easily located pair by pair in the thoracic area, whereas there 

are no evident signs of rib pairs in the lumbar area. The last pair of ribs was used to identify 

the T12 vertebra, on the basis of which the other vertebral levels could be determined 

accordingly. 

 

The apical vertebra and end-vertebrae could be identified in the 3-D ultrasound reconstructed 

images with reference to the following methods. The apical vertebra was the most distant 

vertebra from the central vertical sacral line (CVSL) or the apex of a curve in the coronal 

plane of 3-D ultrasound image; the most rotated and deformed vertebra in the transverse 

plane of 3-D ultrasound image. The end vertebrae were the most titled vertebrae situated 

close to the CVSL in the coronal plane of 3-D ultrasound image; the least rotated and 

deformed vertebra in the transverse plane of 3-D ultrasound image.  

 

3.2.7 3-D Ultrasound Assessments of Spinal Curvature in the Coronal Plane 

Center of Laminae (COL) Method 

The center of laminae (COL) method was used to assess the spinal curvature in the coronal 

plane of the 3-D ultrasound image. Firstly, the centers of the laminae will be identified 

manually at each vertebral level. Due to the 3-D characteristics of the ultrasound data, the 
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adjustment of the center points of the laminae in the coronal view would be reflected in the 

corresponding transverse and sagittal view. The corresponding transverse plane was shown to 

assist in the fine-tune of the centers of the selected laminae. Lines were then drawn 

automatically by the custom-developed software (MIAS) to join the centers of laminae at 

each level. The most titled lines above and below each curve along the spinal column could 

be recognized as the upper-end and lower-end vertebrae. The angle formed between these 

two lines was defined as the spinal curvature angle (COL angle) in the 3-D ultrasound image 

that would be compared with the Cobb angle in the MRI image. The COL angle was 

automatically calculated by the MIAS software (Fig 3.6a). When the spine had more than one 

curve, the procedure was repeated to measure the additional angle. 

 

 
 

Figure 3. 6 Coronal curvature measurement using：(a) Center of laminae (COL) method 

in 3-D ultrasound;  (b) Cobb method in MRI. 
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3.2.8 3-D Ultrasound Assessments of Vertebral Rotation in the Transverse Plane 

Center of Laminae (COL) Method 

The measurement of vertebral rotation was chosen at the apical level of the curve, which is 

normally used to predict the progression and evaluate the treatment outcomes [93, 94]. The 

center of laminae (COL) method has been applied to measure the apical vertebral rotation 

(AVR) in the 3-D ultrasound images [230, 231]. The two raters identified the centers of 

laminae manually in the transverse plane of apical vertebral level. The AVR was 

automatically measured by the angle between the line joining the centers of laminae and the 

reference horizontal line (scanning couch) by the purpose-design software (Fig. 3.7a). 

 

 
 

Figure 3. 7 Apical vertebral rotation (AVR) measurements: (a) Center of laminae (COL) 

method in 3-D ultrasound image; (b) Aaro-Dahlborn method in MRI image. 

 

3.2.9 3-D Ultrasound Assessments of Kyphotic and Lordotic Angles in the Sagittal Plane 

Spinous Process Angle (SPA) Method 

The spinous process angle (SPA) method was applied to measure the kyphotic and lordotic 

angles in the 3-D ultrasound images. Firstly, the two raters identified the tips of spinous 

processes manually at each vertebral level in the transverse planes of 3-D ultrasound images. 
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Due to the 3-D characteristics of the ultrasound data, the selected tips of spinous processes in 

the transverse view would be reflected in the corresponding sagittal view. Lines were then 

drawn automatically by the custom-developed software (MIAS) to join all the tips of spinous 

processes. Spinous process angle (SPA) is described as the accumulating angle formed by 

every two lines joining three adjacent spinous processes of a scoliotic spine in the sagittal 

plane. Thus, the kyphotic angle was automatically calculated by the MIAS software using the 

SPA method between T1 and T12 vertebrae, while the lordotic angle between L1 and L5 (Fig 

3.8 b-c).  

 

 
 

Figure 3. 8 Kyphotic and lordotic angles measurements: (a) Cobb method in MRI image; 

(b-c) Spinous process angle (SPA) method in 3-D ultrasound image. 

 

3.2.10 Statistical Analysis 

Statistical analyses were performed using the IBM SPSS Statistics Version 21 (IBM, USA). 

A p-value less than 0.05 were considered to be statistically significant. Statistical graphs were 

made with the GraphPad Prism Version 6.01 software (GraphPad, La Jolla, California, USA).  
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To assess the intra- and inter-rater reliabilities of 3-D ultrasound measurements, the intra-

class correlation coefficient (ICC, [2, k]) with 95% confidence intervals (CI) was calculated. 

The Currier criteria for evaluating ICC values were adopted [243]: very reliable (0.80–1.0), 

moderately reliable (0.60–0.79), and questioned reliable (<0.60). In addition, the intra- and 

inter-rater measurement variations of the 3-D ultrasound method were evaluated using the 

mean absolute difference (MAD), standard deviation (SD) and standard error of measurement 

(SEM).  

 

3.3 Results 

3.3.1 Anthropometric Information of the Recruited Subjects 

Between January 2014 and November 2015, 40 female subjects were enrolled from the 

Prince of Wales Hospital, the Chinese University of Hong Kong, to receive the 3-D 

ultrasound and MRI examinations. Based on the subject inclusion criteria, of the 40 subjects, 

16 female subjects with AIS (aged 14.8 ± 1.7 years) were recruited to study the reliability and 

validity of 3-D ultrasound measurements compared with MRI assessments. The 

anthropometric information of the recruited subjects were shown in Table 3.1 

 

Of the 16 AIS subjects, 3 had a single thoracic curve, 1 a single lumbar curve, 10 a double 

curve and 2 a triple curve, producing a total of 30 curves eligible for analysis in this study. 

The distribution of apical vertebra of these curves was 19 thoracic, 3 thoracolumbar and 8 

lumbar levels. The Cobb angles of these curves measured from MRI coronal images ranged 

from 10.2° to 68.2° and the average value was 21.7° ± 15.9°.  

 

 



104 

 

Table 3. 1 Anthropometric data of the recruited subjects 

Recruited Subjects (N.) 16 

Age (y) 14.8±1.7 

Height (m) 1.6±0.1 

Weight (Kg) 49.7±4.7 

BMI * 19.4±1.6 

Menarche (y) 2.5±1.5 

Curve Type  

        Thoracic curv (N.) 3 

Lumbar curve (N.) 1 

Double thoracic and lumbar curve (N.) 10 

Triple curve (N.) 2 

                     * BMI：Body Mass Index 

 

3.3.2 Reliability of 3-D Ultrasound Assessment of Coronal Curvature in AIS  

To evaluate the intra- and inter-rater reliabilities of 3-D ultrasound measurements, the intra-

class correlation coefficient (ICC, [2, k]) with 95% confidence intervals (CI) was calculated. 

In addition, the intra- and inter-rater variations of 3-D ultrasound measurements was assessed 

using the mean absolute difference (MAD), standard deviation (SD) and standard error of 

measurement (SEM).  

 

Intra-Class Correlation: ICC 

The intra- and inter-rater reliabilities for 3-D ultrasound assessments of spinal curvature in 

the coronal plane were shown in Table 3.2. The intra-rater ICC (2, k) values of the COL 

method in 3-D ultrasound were 0.997 (0.994-0.998) and 0.993(0.986-0.996) for Rater 1 and 

Rater 2 respectively. The inter-rater ICC (2, k) value was 0.995 (0.989-0.998). The intra- and 

inter-rater ICC (2, k) values of the COL method in 3-D ultrasound were greater than 0.9, 
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which demonstrated high intra- and inter-rater reliabilities in the coronal curvature 

assessments using 3-D ultrasound. 

 

Table 3. 2 Intra – and inter- rater reliability of coronal curvature assessments using 3-D 

ultrasound 

Methods Observer Curve, n ICC [2,k] (95%CI) 

3-D ultrasound 
 (COL) 

R1 30 0.997 (0.994-0.998) 

R2 30 0.993 (0.986-0.996) 

 R1 vs. R2 30 0.995 (0.989-0.998) 

COL: Center of laminae;  

ICC: Intra-Class Correlation;  

95% CI: Confidential Interval. 

 

Variations of Measurements 

Table 3.3 shows the intra- and inter-rater variability of coronal curvature measurements using 

the 3-D ultrasound method. The intra-rater MAD, SD and SEM values were small for the 

COL method in 3-D ultrasound, which were 0.6°, 0.8° and 0.6° for rater 1, and 0.4°, 1.0° and 

0.8° for rater 2, respectively. For the inter-rater variability of 3-D ultrasound measurements, 

the MAD value ranged from 0.1°-2.8°, the SD from 0.1° to 2.0°; and the SEM from 0.1° to 

1.4°. All of these values indicated the small variation between the successive measurements 

through the 3-D ultrasound method.  
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Table 3. 3  Intra – and inter-rater variability of coronal curvature assessments using  

3-D ultrasound  

Methods Observer Curve, n MAD (°) SD (°) SEM (°) 

3-D ultrasound 
 (COL) 

R1 30 0.6 (0.1-1.3) 0.8 (0.2-1.7) 0.6 (0.2-1.4) 

R2 30 0.7 (0.1-2.1) 1.0 (0.2-2.7) 0.8 (0.1-2.2) 

R1 vs. R2 30 1.2(0.1-2.8) 0.9 (0.1-2.0) 0.6 (0.1-1.4) 

COL: Center of Laminae; 

MAD: Mean Absolute Difference;  

SD: Standard Deviation; 

SEM: Standard Error of Measurement. 

 

These results suggested that the COL method in the 3-D ultrasound presented high intra- and 

inter-rater reliabilities when measuring the coronal curvature in the subjects with AIS in the 

supine position, compared with the Cobb method in MRI. 

 

3.3.3 Reliability of 3-D Ultrasound Assessment of Vertebral Rotation in AIS  

To evaluate the intra- and inter-rater reliabilities of the 3-D ultrasound measurements, the 

intra-class correlation coefficient (ICC, [2, k]) with 95% confidence intervals (CI) was 

calculated. In addition, the intra- and inter-rater variations of the 3-D ultrasound 

measurements was assessed using the mean absolute difference (MAD), standard deviation 

(SD) and standard error of measurement (SEM).  

 

Intra-Class Correlation: ICC 

Tables 3.4 showed the intra- and inter-rater reliabilities of AVR measurements using the 3-D 

ultrasound method. The intra-rater ICC (2, k) values of the COL method in 3-D ultrasound 

were 0.989 (0.979-0.994) and 0.981 (0.966-0.990) for Rater 1 and Rater 2 respectively. The 
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inter-rater ICC (2, k) value was 0.978 (0.954-0.989). All of these data demonstrated high 

intra- and inter-rater reliabilities of apical vertebral rotation assessments using 3-D ultrasound. 

 

Table 3. 4 Intra – and inter-rater reliability of apical vertebral rotation assessments 

using 3-D ultrasound 

Methods Observer Curve, n ICC [2,k] (95%CI)
 
 

3-D ultrasound 
(COL) 

R1 30 0.989 (0.979-0.994) 

R2 30 0.981 (0.966-0.990) 

R1 vs. R2 30 0.978 (0.954-0.989) 

COL: Center of laminae;  

ICC: Intra-Class Correlation;  

95% CI: Confidential Interval. 

 

Variations of Measurements 

Table 3.5 shows the variability of vertebral rotation assessments using the 3-D ultrasound 

method. For the intra-rater variability of the COL method in 3-D ultrasound, the MAD, SD 

and SEM values were 0.4°, 0.2° and 0.2° for rater 1, and 0.4°, 0.3° and 0.2° for rater 2, 

respectively. For the inter-rater variability of 3-D ultrasound measurements, the MAD value 

ranged from 0.0°-3.0°, the SD from 0.0°-2.1° and the SEM from 0.0°-1.5°. All of these 

indicated that the COL method in 3-D ultrasound presented low variability when assessing 

the vertebral rotation in the patients with AIS. 
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Table 3. 5 Intra -rater variability of apical vertebral rotation assessments using 3-D 

ultrasound compared with MRI. 

Methods Observers Curve, n MAD (°) SD (°) SEM (°) 

3-D ultrasound 
 (COL) 

R1 30 0.4 (0.1-0.7) 0.2 (0.1-0.5) 0.2 (0.1-0.4) 

R2 30 0.5 (0.1-1.1) 0.3 (0.1-0.7) 0.2 (0.1-0.5) 

R1 vs. R2 30 0.8 (0.0-3.0) 0.6 (0.0-2.1) 0.4 (0.0-1.5) 

COL: Center of Laminae; 

MAD: Mean Absolute Difference;  

SD: Standard Deviation; 

SEM: Standard Error of Measurement. 

 

These results suggested that the COL method in 3-D ultrasound presented high intra- and 

inter-rater reliabilities when measuring the vertebral rotation in the AIS subjects in the supine 

position, compared with the Aaro-Dahlborn method in MRI. 

 

3.3.4 Reliability of Kyphotic/Lordotic Angles Measurements using 3-D Ultrasound in 

AIS  

To evaluate the intra- and inter-rater reliabilities of the 3-D ultrasound measurements, the 

intra-class correlation coefficient (ICC, [2, k]) with 95% confidence intervals (CI) was 

calculated. In addition, the intra- and inter-rater variations of the 3-D ultrasound 

measurements were assessed using the mean absolute difference (MAD), standard deviation 

(SD) and standard error of measurement (SEM).  

 

Intra-Class Correlation: ICC 

Tables 3.6 showed the intra- and inter-rater reliabilities of the kyphotic angle measurements 

using the 3-D ultrasound method. The intra-rater ICC (2, k) values of the SPA method in 3-D 

ultrasound were 0.963 (0.917-0.986) and 0.931 (0.852-0.973) for Rater 1 and Rater 2 
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respectively. The inter-rater ICC (2, k) value was 0.946 (0.852-0.981). The intra- and inter-

rater ICC (2, k) values of the SPA method in 3-D ultrasound were above 0.9, which 

demonstrated high reliability of kyphotic angle measurements using the 3-D ultrasound in the 

patients with AIS.  

 

Table 3. 6  Intra- and inter-rater reliability of kyphotic angle assessments using 

3-D ultrasound 

Methods Observers Curve, n ICC [2,k] (95%CI)
 
 

3-D ultrasound 

 (SPA) 

R1 16 0.963 (0.917-0.986) 

R2 16 0.931 (0.852-0.973) 

R1 vs. R2 30 0.946 (0.852-0.981) 

SPA: Spinous Process Angle; 

ICC: Intra-Class Correlation;  

95% CI: Confidential Interval. 

 

In addition, the intra- and inter-rater reliabilities of the lordotic angle measurements using the 

3-D ultrasound were shown in Table 3.7. The intra-rater ICC (2, k) values of the SPA method 

in 3-D ultrasound were 0.801 (0.613-0.918) and 0.816 (0.637-0.924) for Rater 1 and Rater 2 

respectively. The inter-rater ICC (2, k) value was 0.886 (0.704-0.958). The intra- and inter-

rater ICC (2, k) values of the SPA method in 3-D ultrasound were above 0.8, which indicated 

a high reliable measurement of the lordotic angle using the 3-D ultrasound in the AIS patients.  
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Table 3. 7  Intra- and inter-rater reliability of lordotic angle assessments using 

3-D ultrasound 

Methods Observers Curve, n ICC [2,k] (95%CI)
 
 

3-D ultrasound 
 (SPA) 

R1 16 0.801 (0.613-0.918) 

R2 16 0.816 (0.637-0.924) 

R1 vs. R2 30 0.886 (0.704-0.958) 

SPA: Spinous Process Angle; 

ICC: Intra-Class Correlation;  

95% CI: Confidential Interval. 

 

Variations of Measurements 

Table 3.8 showed the intra- and inter-rater variabilities of the kyphotic angle assessments 

using the 3-D ultrasound method. For the 3-D ultrasound assessments, the intra-rater MAD 

value ranged from 0.5°-2.1°, the SD value 0.3°-2.7° and SEM value 0.2°-2.2°. Similarly, the 

inter-rater MAD value of 3-D ultrasound assessments were within 0.5°-5.2°, the SD value 

0.4°-3.6° and SEM value 0.3°-2.6°. These results indicated that the SPA method in 3-D 

ultrasound presented low intra- and inter-rater variability when assessing the kyphotic angle 

in the patients with AIS. 

Table 3. 8  Intra- and inter-rater variability of kyphotic angle assessments using 3-D 

ultrasound 

Methods Observers Curve, n MAD (°) SD (°) SEM (°) 

3-D ultrasound 
 (SPA) 

R1 16 0.9 (0.5-1.5) 0.6 (0.3-0.9) 0.5 (0.2-0.7) 

R2 16 1.2 (0.1-2.1) 1.0 (0.2-2.7) 0.8 (0.1-2.2) 

R1 vs. R2 16 2.2 (0.5-5.2) 1.6 (0.4-3.6) 1.1 (0.3-2.6) 

SPA: Spinous Process Angle; 

MAD: Mean Absolute Difference;  

SD: Standard Deviation; 
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SEM: Standard Error of Measurement. 

 
Table 3.9 showed the intra- and inter-rater variabilities of the lordotic angle assessments 

using the 3-D ultrasound in patients with AIS. The range of intra-rater MAD, SD and SEM 

values was 0.4°-2.5°, 0.2°-1.2° and 0.2°-1.0° respectively, while the inter-rater MAD, SD and 

SEM values was 0.2°-2.5°, 0.2°-1.8° and 0.1°-1.3°. These results suggested that the SPA 

method in 3-D ultrasound presented low intra- and inter-rater variability when assessing the 

lordotic angle in the patients with AIS. 

 

Table 3. 9  Intra- and inter-rater variability of lordotic angle assessments using 
3-D ultrasound 

Methods Observers Curve, n MAD (°) SD (°) SEM (°) 

3-D ultrasound 
 (SPA) 

R1 16 0.9 (0.4-1.2) 0.6 (0.2-1.0) 0.5 (0.2-0.8) 

R2 16 0.9 (0.4-2.5) 0.6 (0.2-1.2) 0.5 (0.2-1.0) 

R1 vs. R2 16 1.2 (0.2-2.5) 0.9 (0.2-1.8) 0.6 (0.1-1.3) 

SPA: Spinous Process Angle; 

MAD: Mean Absolute Difference;  

SD: Standard Deviation; 

SEM: Standard Error of Measurement. 

 

These results suggested that the SPA method in 3-D ultrasound presented high intra- and 

inter-rater reliabilities when measuring the kyphotic and lordotic angles in the AIS subjects in 

the supine position. 

 

3.4 Discussions 

Currently, the application of 3-D ultrasound has been studied in the assessment of coronal 

curvature in the patients with AIS. The COL method has been proposed by Lou and his 

colleague in the 3-D ultrasound image and compared with the Cobb method in the 
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radiographic image. The intra- and inter-rater ICC (2, 1) values of the COL method in 3-D 

ultrasound were reported to be above 0.80; the SEM less than 2.8° [21]. In the present study, 

the results were consistent with the previous studies. The intra- and inter-rater ICC (2, k) 

values of 3-D ultrasound assessment were greater than 0.9; the intra- and inter-rater MAD, 

SD and SEM were less than 2.1°, 2.7°, and 2.2° respectively. Besides, the reliability results of 

3-D ultrasound measurement in this study were comparable to the intra- and inter-rater 

statistics of radiographic measurement reported in the literature: MADs ranged from 1.2° to 

7.0° [78, 82, 89], and ICCs ranged from 0.88 to 0.99 [82, 91, 242]. This indicated that the 

reliable measurements can be obtained by the COL method in 3-D ultrasound when 

measuring the coronal curvature for the patients with AIS. 

 

The feasibility of assessing the vertebral rotation using the proposed 3-D ultrasound method 

(COL) has been demonstrated in the experiment studies [230, 231]. Three dry vertebrae T7, 

L1 and L3 with the rotation configuration from -30° to 30° were scanned using the 3-D 

ultrasound. The intra- and inter-rater ICC values of the COL method were reported from 

0.987 to 0.997; the MAD values were less than 1.7°. The current study showed comparable 

results to the experiment study. The intra- and inter-rater ICC (2,k) values of 3-D ultrasound 

measurements were more than 0.9; the MAD, SD and SEM values were less than 3.0°, 2.1° 

and 1.5° respectively. The MAD value of the 3-D ultrasound method in this study was larger 

than that in the experiment studies. This was due to the fact that the ultrasound scanning was 

more difficult in the patients with AIS than in the dry vertebrae secured in a water-filled 

container. Moreover, the 3-D ultrasound method presented as reliable assessments as the MRI 

method in this study. MRI was chosen to be the reference because it enables the 

straightforward assessment of vertebral rotation in the transverse plane and it would not 
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expose the subjects to the radiation exposure. These results indicated that the 3-D ultrasound 

could provide the reliable measurements of vertebral rotation for the patients with AIS.   

 

Based on the characteristics of 3-D ultrasound imaging, this study was conducted to explore 

the feasibility of using the 3-D ultrasound to measure the kyphotic and lordotic angles in the 

sagittal plane. The posterior landmarks such as the spinous processes, transverse processes 

and laminae could be visualized by the ultrasound imaging. Thus, the spinous processes 

along the thoracic and lumbar could be used to measure the kyphosis and lordosis by means 

of the accumulating angles. The results have shown that the spinous process angle (SPA) 

method in 3-D ultrasound presented the high intra- and inter-rater reliabilities when 

measuring the thoracic kyphosis and lumbar lordosis. 

 

It is noteworthy that some curves or landmarks were missing in some of the 3-D ultrasound 

images. This resulted in difficult identification of landmarks in the 3-D ultrasound image and 

inaccurate measurement. There are several possible reasons for the missing landmarks in the 

3-D ultrasound images. First, the bad contact between the transducer and subjects' back, 

especially for a large rib hump, would result in loss of 3-D ultrasound information. In order to 

ensure a good surface contact, Li et al. designed a silicon sleeve attached to the ultrasound 

transducer [199]. Therefore, much attention should be paid on how to create a good surface 

contact between the transducer and subjects' back for 3-D ultrasound scanning in future 

studies. Second, the thick muscles, in particular of the lumbar region, would cause the 3-D 

ultrasound signal penetration reduced and lower the resolution of ultrasound images. Third, 

the vertebral rotation would make it difficult to cover all the information during 3-D 

ultrasound scanning. 
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Although the results of this study have demonstrated the reliability of the 3-D ultrasound 

assessments for scoliotic spine, there are still some limitations. The eligible curves in this 

study involved a whole range of curve severity of the patients with AIS. However, the severe 

curves accounted for a small proportion in all the analyzed curves. Therefore, further research 

is still needed to validate the proposed 3-D ultrasound assessment in a larger sample size. 

Besides, the semi-automatic program applied in the reconstruction of 3-D ultrasound images, 

identification of landmarks and angle measurement took around 5 minutes for one trial of 3-D 

ultrasound measurement and cannot reduce the manual labor cost. Thus, the semi-automatic 

program used in reconstruction and measurement of 3-D ultrasound images should be 

upgraded to a fully automatic program so as to reduce the human errors. 

 

3.5 Conclusions 

In the present study, the reliability of 3-D ultrasound assessments of the patients with AIS 

was investigated respectively. The major findings of this study are: (1) The COL method in 

3-D ultrasound showed high intra- and inter-rater reliabilities to measure the lateral curvature 

in the coronal plane and vertebral rotation in the transverse plane. (2) The SPA method in 3-

D ultrasound showed high intra- and inter-rater reliabilities to assess the thoracic kyphosis 

and lumbar lordosis in the sagittal plane. 

 

The radiation-free 3-D ultrasound assessment appeared to be a reliable method for the 

patients with AIS in the clinical setting. Continuous studies are required to optimize the 3-D 

ultrasound scanning and measuring procedure, and to further improve the reproducible 

measurements of 3-D ultrasound. With these efforts, 3-D ultrasound will become a potential 

option used as an alternative to radiography for screening and routine assessment of scoliosis 

and other spinal deformities. 
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CHAPTER 4  Validity Study of 3-D Ultrasound Assessments in 

Patients with Adolescent Idiopathic Scoliosis 

 

4.1 Introduction 

Adolescent idiopathic scoliosis (AIS) is a three-dimensional spinal deformity characterized 

by lateral curvature and vertebral rotation of spine. It occurs in approximately 3% of 

adolescents with unknown reasons [1, 2]. Currently, ultrasound has gained considerable 

attention in the assessment of scoliosis. With the advent of 3-D reconstruction technique, 

ultrasound imaging has been developed to quantify the 3-D characteristics of scoliotic spine 

[7-14, 16-18, 221].  

 

Ultrasound imaging has some superior characteristics such as radiation-free, cost effective 

and easy to operate. The landmarks such as spinous processes, transverse processes and 

laminae have been identified and used to assess the scoliotic spine [17, 18]. In 1988, the first 

attempt to use ultrasound to assess the spinal curvature was made by Letts et al., who applied 

the ultrasonic digitization to identify the spinous process and document the spinal curvature 

angle using the Ferguson method [197]. Subsequently, in 1989 the possibility of using 

ultrasound to assess the vertebral rotation has been firstly proposed by Suzuki et al. who 

identified the spinous processes and laminae in the transverse plane of ultrasound images of 

each vertebra, and assessed the vertebral rotation directly based on the inclination of the 

transducer [202].  

 

In the previous study, the center of laminae (COL) method has been proposed to measure the 

lateral curvature in the coronal plane and vertebral rotation in the transverse plane of 3-D 
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ultrasound images, while the spinous process angle (SPA) method to estimate the kyphotic 

and lordotic angles in the sagittal plane. The feasibility and reliability of these proposed 3-D 

ultrasound methods have been demonstrated in the experimental and clinical studies. Thus, 

the objective of this study was to further evaluate the validity of application of the proposed 

3-D ultrasound methods in the assessments of the subjects with AIS, in comparison with the 

concurrent MRI methods. 

 

4.2 Materials and Methods 

4.2.1 Validity Study of 3-D Ultrasound Assessments in AIS 

The feasibility of using 3-D ultrasound to scan and measure the patients with AIS has been 

investigated under the clinical setting in the previous study. This study was conducted 

according to the Guidelines for Reporting Reliability and Agreement Studies (GRRAS) [225]. 

To evaluate the validity of 3-D ultrasound assessments, MRI scan and measure were 

performed and used as a reference standard. The whole spines of 3-D ultrasound and MRI 

scans were arranged in the same morning (within 3 hours) in the supine position so as to 

match the conditions. Before 3-D ultrasound and MRI scanning, a level meter was also used 

to ensure the anterior superior iliac spines (ASISs) of subjects at horizontal level which was 

used as a reference for 3-D ultrasound and MRI measurements. 

 

4.2.2 Subjects 

The subject selection criteria were as follows: 1) female adolescents; 2) age: 10-18 years; 3) 

Cobb angle: 10°-80°; 4) no prior surgical treatment; 5) out-of-brace MRI examination of the 

whole spine on the same morning. 
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Human ethical approval was granted from both the Human Subjects Ethics Sub-committee of 

the Hong Kong Polytechnic University and the Joint Chinese University of Hong Kong-New 

Territories East Cluster Clinical Research Ethics Committee. All the examination procedures 

were explained and written informed consents were obtained from the subjects and their 

parents. 

 

4.2.3 Observers 

Two observers with varying experience of ultrasound measurement participated into this 

study. Observer 1 was a research fellow with approximately 5 years of experience, while 

Observer 2 a rehabilitative physician with 2 years of experience. Prior to the study, each 

observer was trained to practice the 3-D ultrasound scanning in the supine and standing 

positions, and the 3-D ultrasound measurements for at least 10 volunteers.  

 

4.2.4 3-D Ultrasound Scan and Assessments 

3-D Ultrasound Scan in the Supine Position 

The scanning procedure of 3-D ultrasound and image reconstruction has been described in 

the Chapter 3. 

 

Spinal Curvature Assessment in the Coronal Plane  

Center of Laminae (COL) method has been described in the Chapter 3. 

 

Vertebral Rotation Assessment in the Transverse Plane 

Center of Laminae (COL) method has been described in the Chapter 3. 

 

Thoracic Kyphosis and Lumbar Lordosis Assessment in the Sagittal Plane 
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Spinous Process Angle (SPA) method has been described in the Chapter 3. 

 

4.2.5 MRI Scan and Measurements 

MRI Scan in the Supine Position 

MRI scan was conducted using a 3.0T MR scanner and a spine array coil (Achieva, Philips 

Medical Systems, and Netherlands) (Fig 4.1). MRI imaging protocol included sagittal scans 

of hindbrain and the whole spine from foramen magnum to sacrum, and transverse scans of 5 

vertebral levels around the vertebral apex (including the apical vertebra, 2 vertebrae above 

and below). The above MRI images were obtained using 2D Turbo spin-echo T2 weighted 

sequence with following parameters: turbo factor=33, TR=4048 milliseconds (ms), TE=120 

ms, matrix=312×248, slice thickness=3.5 mm, slice gap=0 mm, field of view= 690 mm, 

NSA=2. It took at least 30 mins to complete a MRI scan of the full spine. The MRI images 

would be processed and exported using the DICOM Viewer Version R3.0 SP3 (Philips, 

Netherland).  

 

 
 

Figure 4. 1 Magnetic resonance imaging (MRI) systems for scoliosis assessments 
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All the MRI images were processed by the DICOM Viewer software through adjustment of 

color gradation, contrast, size, and format. The standard for improving the quality of MRI 

images was that the landmarks (endplate of vertebral body, pedicles, laminae and spinous 

processes) along the scoliotic spine could be clearly identified. Then, the apical and upper & 

lower-end vertebrae were pre-defined in a curve from the coronal view of the MRI image. A 

central vertical sacral line (CVSL) was drawn passing through the center of the sacrum. 

Typically, the apical vertebra is most distant from the CVSL, most rotated and deformed, but 

not titled. The upper and lower end vertebrae, which are situated close to the CVSL, are most 

titled, least deformed and rotated. Moreover, the DICOM Viewer software was used to 

measure the spinal curvature in the coronal plane, apical vertebral rotation in the transverse 

plane, thoracic kyphosis and lumbar lordosis in the sagittal plane of MRI images. 

 

Spinal Curvature Measurement in the Coronal Plane  

The Cobb method was used to measure the spinal curvature in the coronal plane. The most 

tilted vertebrae were identified and then two lines are drawn parallel to the superior endplate 

of the upper-end vertebra and inferior endplate of the lower-end vertebra, the angle between 

these two lines is the Cobb angle (Fig 4.2b). If there is more than one curve, the procedure 

was repeated to measure the additional Cobb angle. 
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Figure 4. 2 Coronal curvature measurement using：(a) Center of laminae (COL) method 

in 3-D ultrasound;  (b) Cobb method in MRI. 

 

Vertebral Rotation Measurement in the Transverse Plane 

The Aaro-Dahlborn method was applied to measure the apical vertebral rotation (AVR) in the 

transverse plane [95, 253, 254]. The AVR was calculated by the angle between the line 

connecting the point at the posterior junction of the two laminae of vertebral arch with the 

mid-point of vertebral body and the reference line (Fig. 4.3b).  
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Figure 4. 3 Apical vertebral rotation (AVR) measurements: (a) Center of laminae (COL) 

method in 3-D ultrasound image; (b) Aaro-Dahlborn method in MRI image. 

 

Thoracic Kyphosis and Lumbar Lordosis Measurement in the Sagittal Plane 

The spinous process angle (SPA) method was used to measure the kyphotic and lordotic 

angles in the 3-D ultrasound images. Firstly, the two raters identified the tips of spinous 

processes manually at each vertebral level in the transverse planes of 3-D ultrasound images. 

Due to the 3-D characteristics of the ultrasound data, the selected tips of spinous processes in 

the transverse view would be reflected in the corresponding sagittal view. Lines were then 

drawn automatically by the custom-developed software (MIAS) to join all the tips of spinous 

processes. Spinous process angle (SPA) is described as the accumulating angle formed by 

every two lines joining three adjacent spinous processes of a scoliotic spine in the sagittal 

plane. Thus, the kyphotic angle was automatically calculated by the MIAS software using the 

SPA method between T1 and T12 vertebrae, while the lordotic angle between L1 and L5 (Fig 

4.4 b-c).  
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Figure 4. 4 Kyphotic and lordotic angles measurements: (a) Cobb method in MRI image; 

(b-c) Spinous process angle (SPA) method in 3-D ultrasound image. 

 

4.2.6 Statistical Analysis 

Statistical analyses were performed using the IBM SPSS Statistics Version 21 (IBM, USA). 

A p-value less than 0.05 were considered to be statistically significant. Statistical graphs were 

made with GraphPad Prism Version 6.01 software (GraphPad, La Jolla, California, USA).  

 

To evaluate the validity of 3-D ultrasound assessment, the paired Student’s t-test was used to 

compare the measurements data obtained from the 3-D ultrasound and MRI methods; the 

Bland–Altman method was used to examine the agreement between these assessments; 

Furthermore, the Pearson correlation analysis was applied to evaluate the correlation between 

the 3-D ultrasound and MRI measurements of scoliotic spine in three-dimensional anatomical 

planes. 
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4.3 Results 

4.3.1 Anthropometric Information of the Recruited Subjects 

In total, 30 curves from the 16 subjects with AIS were eligible for the validity study of the 3-

D ultrasound measurements. The anthropometric information of the recruited subjects has 

been described in Table 3.1 in the Chapter 3.  

 

4.3.2 Validity of 3-D Ultrasound Assessment of Coronal Curvature in AIS 

To determine the validity of 3-D ultrasound assessments of spinal curvature in the coronal 

plane, the comparison of means, the Bland-Altman method and the Pearson correlation 

analysis were applied between the 3-D ultrasound and MRI measurements in the patients 

with AIS. Furthermore, the impact of curve magnitude (Cobb angle degrees), variation in 

selected upper-end vertebra (UEV) and lower-end vertebra (LEV) between the 3-D 

ultrasound and MRI, as well as the level of apical vertebra on the validity of 3-D ultrasound 

assessment of coronal curvature were investigated accordingly in the sample categories.  

 

Comparison of means  

For the entire curve cohort (n=30), the mean value of coronal curvature angle measured by 

the COL method in 3-D ultrasound was 21.3°±15.1°, while the average value by the Cobb 

method in MRI was 21.7°±16.0°. As shown in Fig 4.5, the curve profiles presented in the 

coronal plane of 3-D ultrasound images were similar to those of MRI images in AIS patients 

with mild, moderate and severe curvature angles (Fig. 4.5a-c); the two dashed lines in the 

scatter plot representing the coronal curvature angle measured by the COL method in 3-D 

ultrasound versus the Cobb method in MRI respectively were almost identical in the entire 

curve cohort (Fig 4.5d). Moreover, the Paired t-test results showed that there was no 

significant difference between these two methods under the circumstance of the different 
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coronal curvature magnitude, variation in selected upper-end vertebra (UEV) and variation in 

lower-end vertebra (LEV) between the 3-D ultrasound and MRI images (Table 4.1).  

  

 

 

Figure 4. 5 Comparison of 3-D ultrasound versus MRI measurements for AIS patients 

with: (a) Mild curve; (b) Moderate curve; (c) Severe curve; (d) A scatter plot of the COL 

method in 3-D ultrasound versus the Cobb method in MRI for the entire curve cohort. 
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Table 4. 1 Comparison of means of coronal curvature assessments between 3-D 

ultrasound and MRI methods 

 Curve, n T-test  Sig. (2-tailed) 

Cobb Angle Degrees 

10.2~68.2° 30 0.20 

10.0~20.0° 19 0.93 

20.0~40.0° 7 0.78 

Variation in Selected UEV 

variation=0 10 0.23 

variation=1 14 0.15 

variation=2 6 0.60 

Variation in Selected LEV 

variation=0 13 0.37 

variation=1 11 0.33 

variation=2 6 0.98 

UEV: Upper-end vertebra； 

LEV: Lower-end vertebra 

 

Bland-Altman Method 

The agreement between the COL method in 3-D ultrasound and the Cobb method in MRI 

was investigated using the Bland–Altman method, which consisted of a scatter plot of the two 

measurements difference against the average of the two measurements (Fig. 4.6), as well as 

bias and limits of agreement calculated (Table 4.2). Additional horizontal line represented the 

mean difference (bias) and the limits of agreement, i.e. the 95% confidence intervals of the 

measurements (mean ± 1.96 ×SD) (Bland and Altman 1995 and 1986). This method is the 

most popular statistical method for assessing agreement between two methods of clinical 

measurements [28]. As shown in Figure 4.6, the Bland-Altman plots exhibited good 

agreement between the 3-D ultrasound and MRI measurements of coronal curvature for the 
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overall curve cohort (n=30). The corresponding values of Bland-Altman bias, SD of bias and 

95% limits of agreement were provided in Table 4.2, where the absolute bias between these 

two methods was 0.3°, and the 95% limits of agreement was -2.4°~3.1°.  

 

The impact of different Cobb angles on the agreement between the 3-D ultrasound and MRI 

measurements was further investigated. As shown in figure 4.6, the samples with 10.0° ~ 

20.0° showed lower discrepancy with respect to mean difference than the samples with Cobb 

angle 20.0°~40.0° (Fig. 4.6b-c). Almost all the measurements clustered around the central 

lines except the outliers with Cobb angle larger than 60.0°, showing low discrepancy between 

mean difference and limits of agreement. The absolute bias between these two measurements 

was 0.0° for the samples with Cobb angle 10.0° ~ 20.0°, compared to -0.1° for Cobb angle 

20.0°~40.0°. Similarly, the 95% limits of agreement were -1.8°~1.8° and -2.4°~2.2° for the 

samples with Cobb angle 10.0° ~ 20.0° and 20.0°~40.0° respectively (Table 4.2). These 

results indicated that the agreement between the 3-D ultrasound and MRI assessments of 

coronal curvature could be influenced by the extent of curve magnitude in patients with AIS, 

expecially for the samples with Cobb angle larger than 60.0°. 

 

Furthermore, the impact of variation in selected upper-end vertebra (UEV) and variation in 

lower-end vertebra (LEV) between the 3-D ultrasound and MRI images were studied. 

Notably, the samples with variation in selected UEV/LEV (equal to 0) showed lower 

discrepancy with respect to mean difference than the others with variation in selected 

UEV/LEV (equal to 1 or 2) (Fig. 4.6d-i). As shown in Table 4.2, the absolute bias between 

these two measurements was -0.4° for the samples with variation in selected UEV (equal to 

2), the 95% limits of agreement were -3.9°~3.1°, the absolute difference (7.0) of which was 

larger than the commonly accepted difference (5°) between successive curvature 
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measurements [29, 30]. Similarly, the absolute bias between these two measurements was 0.5° 

for the samples with variation in selected UEV (equal to 1r), the 95% limits of agreement 

were -2.7°~3.7°, the absolute difference (6.4°) of which was still larger than the commonly 

accepted difference (5°). These results suggested that the variation in selected end vertebra 

between 3-D ultrasound and MRI may decrease the agreement between these two methods. 

The accurate selection of UEV/LEV in reconstructed 3-D ultrasound images would increase 

the validity of 3-D ultrasound measurements of coronal curvature in patients with AIS.   

 

 
 

Figure 4. 6 Bland–Altman plot assessing the agreement of coronal curvature 

measurements using 3-D ultrasound and MRI methods in the sample categories: (a) 

Cobb angle: 10.2°~68.2°; (b) Cobb angle: 10.0°~20.0°; (c) Cobb angle: 20.0°~40.0°; (d) 

Variation in selected UEV=0; (e) Variation in selected UEV=1; (f) Variation in selected 

UEV=2; (g) Variation in selected LEV=0; (h) Variation in selected LEV=1; (i) Variation in 

selected LEV=2. The central line represents mean differences (Bias); Upper line shows 
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mean+1.96SD and lower line mean-1.96SD. UEV: Upper-end vertebra; LEV: lower-end 

vertebra. 

 

Table 4. 2 Agreement of coronal curvature assessments between 3-D ultrasound and 

MRI methods 

 Curve, n 

Bland-Altman method 

Bias SD of bias 95% Limits of Agreement 

Cobb Angle Degrees 

10.2~68.2° 30 0.3° 1.4° -2.4° ~ 3.1° 

10.0~20.0° 19 0.0° 0.9° -1.8° ~ 1.8° 

20.0~40.0° 7 -0.1° 1.2° -2.4° ~ 2.2° 

Variation in Selected UEV 

variation=0 10 0.4° 1.0° -1.6° ~ 2.4° 

variation=1 14 0.6° 1.4° -2.2° ~ 3.4° 

variation=2 6 -0.4° 1.8° -3.9° ~ 3.1° 

Variation in Selected LEV 

variation=0 13 0.3° 1.3° -2.2° ~ 2.9° 

variation=1 11 0.5° 1.6° -2.7° ~ 3.7° 

variation=2 6 0.0° 1.3° -2.5° ~ 2.5° 

UEV: Upper-end vertebra； 

LEV: Lower-end vertebra. 

 

Pearson Correlation Analysis 

The Pearson correlation analysis was used to assess the correlation between the 3-D 

ultrasound and MRI methods when measuring the spinal curvature in the patients with AIS. 

The correlation between the COL method in 3-D ultrasound and the Cobb method in MRI 

was found to be high for all the sample categories (correlation coefficient r>0.9, P < 0.05) 

(Fig. 4.7 and Table 4.3). 
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Figure 4. 7 Correlation of coronal curvature measurements using 3-D ultrasound and 

MRI methods in the sample categories: (a) Cobb angle: 10.2°~68.2°; (b) Cobb angle: 

10.0°~20.0°; (c) Cobb angle: 20.0°~40.0°; (d) Variation in selected UEV=0; (e) Variation in 

selected UEV=1; (f) Variation in selected UEV=2; (g) Variation in selected LEV=0; (h) 

Variation in selected LEV=1; (i) Variation in selected LEV=2. UEV: Upper-end vertebra; 

LEV: lower-end vertebra. 
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Table 4. 3 Pearson correlation analyses of coronal curvature assessments between 3-D 

ultrasound and MRI methods 

 Curve, n correlation coefficient (r.) 

Cobb Angle Degrees 

10.2~68.2° 30 0.997 

10.0~20.0° 19 0.873 

20.0~40.0° 7 0.976 

Variation in Selected UEV 

variation=0 10 0.998 

variation=1 14 0.998 

variation=2 6 0.997 

Variation in Selected LEV 

variation=0 13 0.997 

variation=1 11 0.998 

variation=2 6 0.989 

UEV: Upper-end vertebra； 

LEV: Lower-end vertebra. 

    

Taken together, the validity of the 3-D ultrasound assessment of spinal curvature in the 

coronal plane was demonstrated by comparison with the MRI measurement in the supine 

position.  

 

4.3.3 Validity of 3-D Ultrasound Assessments of Vertebral Rotation in AIS 

To determine the validity of 3-D ultrasound assessments of vertebral rotation in the 

transverse plane, the comparison of means, the Bland-Altman method and the Pearson 

correlation analysis were applied between the 3-D ultrasound and MRI measurements in the 

patients with AIS. Furthermore, the impact of apical vertebral rotation degrees, variation in 

selected apical vertebra between the 3-D ultrasound and MRI images, as well as the level of 
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apical vertebra on the validity of 3-D ultrasound assessment of vertebral rotation were 

investigated accordingly in the sample categories.  

 

Comparison of means  

For the entire curve cohort (n=30), the mean value of vertebral rotation (AVR) measured by 

the COL method in 3-D ultrasound was 7.7°±5.7° while the average value by the Aaro-

Dahlborn method in MRI was 7.5°±5.2°. Figure 4.8 shows three scatter plots of vertebral 

rotation (AVR) measurements using the 3-D ultrasound versus the MRI methods in the 

categorized samples. The mean absolute difference between these two methods were 

0.3°±0.3°, 0.5°±0.3° and 1.0°±1.1° for the samples with AVR of 0.0°~5.0°, 5.0°~10.0°, 

and >10.0° respectively. The paired Student’s t-test results showed that there was no 

significant difference between these two methods, regardless of different vertebral rotation 

degrees, variation in selected apical vertebra between the 3-D ultrasound and MRI images, 

and various level of apical vertebra (Table 4.4).  
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Figure 4. 8 Comparison of measurements of apical vertebral rotation using 3-D 

ultrasound versus MRI methods in the sample categories: (a) ~ (c) AVR: 0.0°~5.0°; (d) ~ 

(f) AVR: 5.0°~10.0°; (g) ~ (i) AVR: >10.0°. AVR: apical vertebral rotation; COL: center of 

laminae; 3-D US: 3-D ultrasound. 
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Table 4. 4 Comparison of means of apical vertebral rotation assessments between 3-D 

ultrasound and MRI methods 

 
Curve, n T-test  Sig. (2-tailed) 

AVR Degrees 

0.0°~5.0° 12 0.54 

5.0°~10.0° 10 0.63 

>10.0° 8 0.13 

Total 30 0.18 

Variation in Selected Apical Vertebra 

variation=0 12 0.64 

variation=1 12 0.28 

variation=2 6 0.50 

Level of Apical Vertebra 

T1-T4 4 0.34 

T5-T8 7 0.13 

T9-T12 9 0.62 

L1-L5 9 0.67 

AVR: apical vertebral rotation. 

 

Bland-Altman Method 

The agreement between the 3-D ultrasound and MRI measurements was investigated using 

the Bland–Altman method. Of this method, the Bland–Altman plot showed the average of the 

two measurements (x-axis) against the difference between the two measurements (y-axis). 

Additional horizontal line represented the mean difference (bias) and the limits of agreement, 

i.e. the 95% confidence intervals of the measurements (mean ± 1.96 ×SD) (Bland and Altman 

1995 and 1986). As shown in Figure 4.9, the Bland-Altman plots exhibited good agreement 

between the 3-D ultrasound and MRI measurements of vertebral rotation for the overall curve 
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cohort (n=30). The absolute bias between these two methods was 0.2°, and the 95% limits of 

agreement was -1.4°~1.8° (Table 4.5).  

 

 
 

Figure 4. 9 Bland–Altman plot assessing the agreement of apical vertebral rotation 

measurements using 3-D ultrasound versus MRI methods in the sample categories: (a) 

AVR: 0.0°~5.0°; (b) AVR: 5.0°~10.0°; (c) AVR: >10.0°; (d) the entire curve cohort. The 

central line represents mean differences (Bias); Upper line shows mean+1.96SD and lower 

line mean-1.96SD. AVR: apical vertebral rotation. 
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Table 4. 5 Evaluation of agreement of apical vertebral rotation assessments between 3-D 

ultrasound and MRI methods 

 Curve, n 

Bland-Altman Method 

Bias SD of bias 95% Limits of Agreement 

AVR Degrees 

0.0°~5.0° 12 -0.1° 0.4° -0.9° ~ 0.7° 

5.0°~10.0° 10 0.1° 0.6° -1.1° ~ 1.3° 

>10.0° 8 0.8° 1.3° -1.7° ~ 3.2° 

Total 30 0.2° 0.8° -1.4° ~ 1.8° 

Variation in Selected Apical Vertebra 

variation=0 12 0.1° 0.7° -1.3° ~ 1.5° 

variation=1 12 0.4° 1.1° -1.8° ~ 2.5° 

variation=2 6 0.1° 0.4° -0.6° ~ 0.8° 

Level of Apical Vertebra 

T1-T4 4 -0.3° 0.5° -1.4° ~ 0.7° 

T5-T8 7 0.8° 1.2° -1.6° ~ 3.2° 

T9-T12 9 0.1° 0.7° -1.2° ~ 1.4° 

L1-L5 9 0.1° 0.6° -1.0° ~ 1.2° 

AVR: apical vertebral rotation. 

 

The impact of different apical vertebral rotation (AVR) degrees on the agreement between 

the 3-D ultrasound and MRI measurements was further investigated. As shown in figure 4.3, 

the samples with AVR 0.0° ~ 5.0° showed lower discrepancy than the others with AVR 5.0° 

~ 10.0° and >10.0° (Fig. 4.10 a-c). The samples with AVR 0.0° ~ 5.0°, 5.0° ~ 10.0° 

and >10.0° have the corresponding values of the absolute bias -0.1°, 0.1° and 0.8°, the 95% 

limits of agreement -0.9°~0.7°, -1.1°~1.3° and -1.7°~3.2° (Table 4.5). These results indicated 

that the validity of 3-D ultrasound measurement of vertebral rotation could be influenced 

when the extent of the rotation of the vertebra would be more than 10°. 
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Furthermore, the impact of variation in selected apical vertebra between the 3-D ultrasound 

and MRI images was studied. Notably, the samples with no variation showed lower 

discrepancy than the samples with variation (equal to 1), but larger than the samples with 

variation (equal to 2) (Fig. 4.10). Correspondingly, the least absolute bias and 95% limits of 

agreement were 0.1° and -0.6° ~ 0.8° for the samples with variation in selected apical 

vertebra (equal to 2) (Table 4.5). The reason for this may be due to the small proportion of 

the samples with variation in selected apical vertebra (equal to 2) for analyzed in this study. 

 

 
 

Figure 4. 10 Bland–Altman plot assessing the agreement of apical vertebral rotation 

measurements using 3-D ultrasound versus MRI methods in the sample categories: (a) 

Variation in SAV =0; (b) Variation in SAV=1; (c) Variation in SAV=2. The central line 

represents mean differences (Bias); Upper line shows mean+1.96SD and lower line mean-

1.96SD. AVR: apical vertebral rotation; SAV: selected apical vertebra. 

 

In addition, the impact of the level of apical vertebra on the validity of 3-D ultrasound 

measurements of vertebral rotation was investigated. As shown in Figure 4.11, the samples 

with level of apical vertebra in T5-T8 presented larger discrepancy than the others. The 

corresponding values of the absolute bias were 0.3°, 0.8°, 0.1° and 0.1° for the samples with 

level of apical vertebra in T1-T4, T5-T8, T9-T12 and L1-L5 respectively. Similarly, the 95% 
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limits of agreement were -1.4° ~ 0.7°, -1.6° ~ 3.2°, -1.2° ~ 1.4° and -1.0° ~ 1.2° for the 

samples with the above mentioned levels of apical vertebra (Table 4.5). 

 

 
 

Figure 4. 11 Bland–Altman plot assessing the agreement of apical vertebral rotation 

measurements using 3-D ultrasound versus MRI methods in the sample categories: (a) 

Level of apical vertebra in T1-T4; (b) Level of apical vertebra in T5-T8; (c) Level of apical 

vertebra in T9-T12; (d) Level of apical vertebra in L1-L5. The central line represents mean 

differences (Bias); Upper line shows mean+1.96SD and lower line mean-1.96SD. AVR: 

apical vertebral rotation. 

 

Pearson Correlation Analysis 

The Pearson correlation analysis was used to assess the correlation between the 3-D 

ultrasound and MRI methods when measuring the vertebral rotation in the patients with AIS. 

The correlation coefficient (r) in all the sample categories was greater than 0.8 (P<0.05), 
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indicating a high correlation between the 3-D ultrasound and MRI assessments of vertebral 

rotation (Table 4.6). The different vertebral rotation degrees, variation in selected apical 

vertebra between the 3-D ultrasound and MRI images, and various level of apical vertebra 

did not have effect on the Pearson correlation analysis between the 3-D ultrasound and MRI 

assessments (Figure 4.12-4.14).  

 

 
 

Figure 4. 12 Correlation of apical vertebral rotation measurements using 3-D 

ultrasound versus MRI methods in the sample categories: (a) AVR: 0.0°~5.0°; (b) AVR: 

5.0°~10.0°; (c) AVR: >10.0°; (d) the entire curve cohort. AVR: apical vertebral rotation; 

COL: center of laminar; 3-D US: 3-D ultrasound. 
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Figure 4. 13 Correlation of apical vertebral rotation measurements using 3-D 

ultrasound versus MRI methods in the sample categories: (a) Variation in SAV =0; (b) 

Variation in SAV=1; (c) Variation in SAV=2. AVR: apical vertebral rotation; COL: center of 

laminar; 3-D US: 3-D ultrasound; SAV: selected apical vertebra. 

 

 
 

Figure 4. 14 Correlation of apical vertebral rotation measurements using 3-D 

ultrasound versus MRI methods in the sample categories: (a) Level of apical vertebra in 

T1-T4; (b) Level of apical vertebra in T5-T8; (c) Level of apical vertebra in T9-T12; (d) 
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Level of apical vertebra in L1-L5. AVR: apical vertebral rotation; COL: center of laminar; 3-

D US: 3-D ultrasound. 

 

Table 4. 6  Pearson correlation analysis of apical vertebral rotation assessments between 

3-D ultrasound and MRI methods 

 Curve, n Pearson correlation coefficient (r.) 

AVR Degrees 

0.0°~5.0° 12 0.884 

5.0°~10.0° 10 0.914 

>10.0° 8 0.941 

Total 30 0.991 

Variation in Selected Apical Vertebra 

variation=0 12 0.993 

variation=1 12 0.992 

variation=2 6 0.998 

Level of Apical Vertebra 

T1-T4 4 0.991 

T5-T8 7 0.993 

T9-T12 9 0.997 

L1-L5 9 0.996 

AVR: apical vertebral rotation. 

 

Taken together, the validity of the 3-D ultrasound measurements of vertebral rotation in the 

transverse plane was confirmed with the MRI measurements in patients with AIS. 

 

4.3.4 Validity of 3-D Ultrasound Assessment of Kyphotic/Lordotic Angles in AIS 

To determine the validity of 3-D ultrasound assessments of kyphosis and lordosis in the 

sagittal plane, the comparison of means, the Bland-Altman method and the Pearson 
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correlation analysis were applied between the 3-D ultrasound and MRI measurements in the 

patients with AIS.  

 

Comparison of Means  

For the entire cohort (n=16), the mean value of kyphotic angle measured by the SPA method 

in 3-D ultrasound was 31.0°±6.6° while the average value by the Cobb method in MRI was 

30.8°±7.1°. The paired Student’s t-test showed that there was no significant difference 

between these two methods in the entire cohort. Interestingly, the statistical difference 

between the 3-D ultrasound and MRI assessments existed significantly when the kyphosis 

angles were within 10.0°~30.0° (Table 4.7).  

 

Table 4. 7  Comparison of means of kyphotic angle assessments between 3-D ultrasound 

and MRI methods 

Parameter Range Curve, n T-test  Sig. (2-tailed) 

Kyphotic angle 

(T1-T12) 

10.0°~30.0° 8 p<0.05 

30.0°~50.0° 8 0.18 

Total 16 0.65 

 

However, for the entire cohort (n=16), the mean value of lordotic angle measured by the SPA 

method in 3-D ultrasound was 18.8°±2.9° while the average value by the Cobb method in 

MRI was 31.6°±8.5°. The significant difference was found between these two methods by the 

paired Student’s t-test in the entire cohort (Table 4.8).  

 

Table 4. 8  Comparison of means of lordotic angle assessments between 3-D ultrasound 

and MRI methods 

Parameter Range Curve, n T-test  Sig. (2-tailed) 
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Lordotic angle 

(L1-L5) 

10.0°~30.0° 8 p<0.01 

30.0°~50.0° 8 p<0.01 

Total 16 p<0.01 

 

Bland-Altman Method 

The agreement of kyphosis measurements between the 3-D ultrasound and MRI was 

investigated using the Bland–Altman method. Of this method, the Bland–Altman plot showed 

the average of the two measurements (x-axis) against the difference between the two 

measurements (y-axis). Additional horizontal line represented the mean difference (bias) and 

the limits of agreement, i.e. the 95% confidence intervals of the measurements (mean ± 1.96 

×SD). As shown in Figure 4.15, the Bland-Altman plots exhibited good agreement between 

the 3-D ultrasound and MRI measurements of the thoracic kyphotic angle for the overall 

cohort (n=16). The absolute bias between these two methods was -0.2°, and the 95% limits of 

agreement was -2.1°~3.7° (Table 4.9).  

 

 

 

Figure 4. 15 Bland–Altman plot assessing the agreement of kyphotic angle 

measurements using 3-D ultrasound versus MRI methods in the sample categories: (a) 

Kyphotic angle <30°; (b) Kyphotic angle >30°; (c) the entire curve cohort. The central line 

represents mean differences (Bias); Upper line shows mean+1.96SD and lower line mean-

1.96SD.  
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Table 4. 9  Agreement of kyphotic angle assessments between 3-D ultrasound and MRI 

method 

Parameter Range Curve, n 

Bland-Altman method 

Bias SD of bias 95% Limits of Agreement 

Kyphotic angle 

(T1-T12) 

10.0°~30.0° 8 -1.2° 1.1° -3.3° ~ 1.0° 

30.0°~50.0° 8 0.8° 1.5° -3.3° ~ 1.0° 

Total 16 -0.2° 1.6° -2.1° ~ 3.7° 

 

However, the Bland-Altman plots exhibited poor agreement between the 3-D ultrasound and 

MRI measurements of the lumbar lordotic angle for the overall cohort (n=16) (Figure 4.16). 

The absolute bias between these two methods was 12.8°, and the 95% limits of agreement 

was -1.3°~26.9° (Table 4.10). Moreover, the greater the lumbar lordosis angle (30.0°~50.0°) 

is, the lower the agreement between the 3-D ultrasound and MRI measurements.  

 

 

 

Figure 4. 16 Bland–Altman plot assessing the agreement of lordotic angle measurements 

using 3-D ultrasound versus MRI methods in the sample categories: (a) Lordotic angle 

<30°; (b) Lordotic angle >30°; (c) the entire curve cohort. The central line represents mean 

differences (Bias); Upper line shows mean+1.96SD and lower line mean-1.96SD.  
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Table 4. 10  Agreement of lordotic angle assessments between 3-D ultrasound and MRI 

methods 

Parameter Range Curve, n 

Bland-Altman method 

Bias SD of bias 95% Limits of Agreement 

Lordotic angle 

(L1-L5) 

10.0°~30.0° 8 6.9° 4.1° -1.2° ~ 15.1° 

30.0°~50.0° 8 18.7° 3.8° 11.2° ~ 26.2° 

Total 16 12.8° 7.2° -1.3° ~ 26.9° 

 

These results indicated that there was agreement between the 3-D ultrasound method (SPA) 

and MRI method (Cobb) when measuring the thoracic kyphosis rather than the lumbar 

lordosis in the patients with AIS. 

 

Pearson Correlation Analysis 

The Pearson correlation analysis was used to assess the correlation between the 3-D 

ultrasound and MRI methods when measuring the thoracic kyphosis and lumbar lordosis in 

the patients with AIS. The correlation coefficient (r) was greater than 0.9 (P<0.05) for the 

kyphotic angle measurements between these two methods (Table 4.11). Moreover, the 

correlation between the 3-D ultrasound and MRI assessments of the thoracic kyphosis was 

not affected by the degree of thoracic kyphotic angle (Figure 4.17).  
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Figure 4. 17 Correlation of kyphotic angle measurements using 3-D ultrasound versus 

MRI methods in the sample categories: (a) Kyphotic angle <30°; (b) Kyphotic angle >30°; 

(c) the entire curve cohort. SPA: spinous process angle; 3-D US: 3-D ultrasound. 

 

Table 4. 11  Pearson correlation analysis of kyphotic angle assessments between 3-D 

ultrasound and MRI methods 

Parameter Range Curve, n Pearson correlation coefficient (r.) 

Kyphotic angle 

(T1-T12) 

10.0°~30.0° 8 0.968 

30.0°~50.0° 8 0.965 

Total 16 0.975 

 

As shown in Figure 4.18, however, the correlation of lumbar lordosis measurements between 

the 3-D ultrasound and MRI methods was low, with the pearson correlation coefficient (r) 

ranged from 0.103 to 0.753 (Table 4.12). These results suggested that the 3-D ultrasound 

measurement of lumbar lordosis was not correlated with the MRI assessment in the patients 

with AIS. 
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Figure 4. 18 Correlation of lordotic angle measurements using 3-D ultrasound versus 

MRI methods in the sample categories: (a) Lordotic angle <30°; (b) Lordotic angle >30°; 

(c) the entire curve cohort. SPA: spinous process angle; 3-D US: 3-D ultrasound. 

 

Table 4. 12  Pearson correlation analysis of lordotic angle assessments between 3-D 

ultrasound and MRI methods 

Parameter Range Curve, n Pearson correlation coefficient (r.) 

Lordotic angle 

 (L1-L5) 

10.0°~30.0° 8 0.103 

30.0°~50.0° 8 0.753 

Total 16 0.590 

 

In summary, the validity of the 3-D ultrasound method (SPA) in the sagittal plane was 

confirmed with the MRI method (Cobb) when measuring the thoracic kyphosis but not the 

lumbar lordosis for the patients with AIS. 

 

4.4 Discussions 

4.4.1 Validity Study of 3-D Ultrasound Assessment of Coronal Curvature in AIS 

Nowadays, the radiographic assessment of scoliotic spine continues to be the most widely 

used method in a scoliosis clinic. In standing posterior-anterior radiographs, the spinal 

curvature can be assessed with the Cobb method, which was adopted by the Scoliosis 

Research Society (SRS) as the standard reference method to diagnose and monitor AIS [3]. 

 

On the basis of the reliability results, the validity of the COL method in 3-D ultrasound was 

investigated. In the previous studies, Lou et al. reported that the difference between spinal 

curvature angles measured using the COL method in ultrasound and the Cobb method in 

radiograph ranged from 0.2° to 1.4°; the correlation between these two methods was high for 
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mild and moderate AIS patients. This study showed comparable results to the previous 

studies when MRI was chosen to be the reference. MRI can provide a clear 3-D image of the 

scoliotic spine without radiation exposure [146], which is similar to ultrasound. Our study 

demonstrated that the coronal curvature measured by 3-D ultrasound showed no significant 

difference but strong correlation with MRI in the supine position.  

 

In addition, the validity of ultrasound assessment was investigated by the Bland-Altman 

method, which is the most popular statistical method for assessing agreement between two 

methods of clinical measurements [248]. In this method, the 95% limits of agreement are the 

estimates of values, which mean 95% of differences between two methods will lie between 

these limits. The larger the 95% limits of agreement are, the more discrepancy between the 

two methods will be. Currently, the variation within 5.0° between successive curvature 

measurements has been considered to be acceptable clinical error [249, 250]. Therefore, it is 

postulated that the accuracy of the COL method of 3-D ultrasound will be validated if the 95% 

limits of agreement are within 5.0° between the 3-D ultrasound and MRI assessments. In the 

present study, 95% limits of agreement were reasonably narrow, not extending over the 

acceptable clinical error (5.0°) in most cases. These results demonstrated the validity of the 

COL method in 3-D ultrasound when measuring spinal curvature in the coronal plane. 

However, the curve magnitude of Cobb angle more than 60° or the variation in selected 

UEV/LEV (equal to 1 or 2) between the 3-D ultrasound and MRI images enlarged the 95% 

limits of agreement (> 5.0°). It appears that the severe scoliotic curve and end-vertebra 

selection error may influence the agreement between the 3-D ultrasound and MRI 

assessments, leading to the inaccurate measurement of coronal curvature using 3-D 

ultrasound. The possible reasons for these maybe the lower resolution of 3-D ultrasound 

images obtained from the difficult scanning of the severe curve, the lack of experience of 
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observers, as well as the changed posture of subjects from 3-D ultrasound to MRI scanning. 

Therefore, future studies are required to investigate how to enhance the resolution of 3-D 

ultrasound images, standardize the 3-D ultrasound scanning and measurement procedure, and 

reduce the end-vertebra selection error, in order to improve the validity of 3-D ultrasound 

measurement of coronal curvature in the patients with AIS. 

 

4.4.2 Validity Study of 3-D Ultrasound Assessment of Vertebral Rotation in AIS 

Several methods have been proposed to assess the vertebral rotation using radiographic 

images, based on the position of the projected landmarks in relation to the vertebral body [57, 

95]. However, the measurements taken from the radiographic images only represent a 

projected rotation, which are not directly measured in the transverse plane. Furthermore, the 

frequent exposure to radiation has been of primary concern for the scoliotic patients [6]. 

Compared with the radiographic assessments, computed tomography (CT) and magnetic 

resonance imaging (MRI) both enable visualization of the transverse plane of the vertebra for 

the measurements of the vertebral rotation [3, 57]. The CT / MRI scans and measurements 

can provide the 3-D information of the spinal structure, thus they are clinically applicable for 

both preoperative and postoperative assessments of vertebral rotation [146, 252]. However, 

CT exposes the patients to more radiation than the standard radiographs and MRI 

examinations are often time-consuming and expensive. Therefore, it is not feasible to use CT 

/ MRI in mass screening and frequent monitoring for scoliosis, such as the measurements of 

lateral curvature and vertebral rotation. 

 

The posterior structure of vertebrae could be displayed by ultrasound imaging in the 

transverse plane. Similar to CT / MRI, ultrasound imaging can visualize and measure the 

vertebral rotation in the transverse plane of scoliotic spine [202, 230, 231]. In this study, the 
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validity of the 3-D ultrasound on vertebral rotation measurements has been demonstrated in 

the patients with AIS under the clinical setting. The COL method in 3-D ultrasound has been 

verified with the Aaro-Dahlborn method in MRI.  

 

An important parameter in determining the validity of the new method of measurement is the 

agreement with a standard method. A recent systematic review concluded that the Bland-

Altman method, correlation coefficient and comparison of means were the most common 

statistical methods used to measure the agreement in relevant studies [248]. In the current 

study, the validity of the 3-D ultrasound assessment of vertebral rotation has been 

demonstrated by these statistical methods. The results of comparison of means  indicated that 

the difference between the 3-D ultrasound and MRI measurements seemed to be enlarged 

(0.3°±0.3°, 0.5°±0.3° and 1.0°±1.1°) with the AVR degrees increased (0.0° ~ 5.0°, 5.0° ~ 

10.0° and >10.0°). This observation was also supported from the Bland–Altman method, 

which clearly showed that the 95% limits of agreement (-0.9° ~ 0.7°, -1.1° ~ 1.3° and -1.7° ~ 

3.2°) were extended with the increase of AVR degrees (0.0° ~ 5.0°, 5.0° ~ 10.0° and >10.0°). 

These observations suggested that the measurement errors of vertebral rotation using the 3-D 

ultrasound may be related with the extent of the rotation of the vertebra. Based on the theory 

of ultrasound imaging, the increase of vertebral rotation would have a tendency to make the 

spinous process block the ultrasound signals echoed from laminae, leading to the inadequate 

imaging of laminae and the inaccurate assessments of COL methods. Moreover, the large rib 

humps associated with the severe vertebral rotation would make it difficult to maintain a 

good surface contact between the ultrasound transducer and subject's back during the 

ultrasound scanning. Therefore, future studies are required to investigate how to improve the 

accuracy of 3-D ultrasound assessment, in particular, of the large rotation angle of vertebrae 

in the patients with AIS.  
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It is noticeable that the variation in selected apical vertebra (equal to 2) did not decrease the 

agreement between these two methods compared with the samples with no variation and 

variation (equal to 1). This may be due to the lower sample size (n=6) in the samples with 

variation in selected apical vertebra (equal to 2) relatively to the other two samples (both 

n=12).  

 

Besides, the extent of rotation of the vertebra, variation in selected apical vertebra between 

the 3-D ultrasound and MRI images, and different levels of apical vertebra did not affect the 

correlation between the 3-D ultrasound and MRI measurements of vertebral rotation in the 

transverse plane. Contrary to the results obtained from the Bland-Altman method, the 

correlation coefficient (r) between these two methods for the samples with AVR of 0.0° ~ 5.0° 

was lower than the samples with AVR of 5.0° ~ 10.0° and >10.0°. This might be due to the 

fact that the correlation coefficient does not perfectly represent the agreement between two 

variables. Above all, this study provided the preliminary evidence to support the validity of 

vertebral rotation measurements using the 3-D ultrasound in comparison with the MRI 

measurements in the transverse plane. Continuous studies with large sample size to further 

validate the 3-D ultrasound measurements of vertebral rotation in the patients with AIS will 

be necessary. 

 

4.4.3 Validity Study of 3-D Ultrasound Assessment of Kyphotic/Lordotic Angles in AIS  

The thoracic kyphosis is defined as the angle between the superior end-plate of T4 and the 

inferior end-plate of T12; while the lumbar lordosis is the angle between the inferior end-

plate of T12 and the superior end-plate of S1 [3, 74]. The thoracic kyphosis and lordosis 

angles can be measured using the Cobb method in the sagittal plane of radiograph or MRI, 
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with the reliability ICC value ranged from 0.83 to 0.92 [74]. However, the Cobb method 

reflects only the inclination between the endplates of upper-end and lower-end vertebrae, 

rather than the actual 3-D characteristics of the kyphotic and lordotic angles from the sagittal 

view [74]. 

 

The 3-D ultrasound imaging could allow the radiation-free visualization of the coronal 

curvature and the vertebral rotation in the patients with AIS. However, it is still unknown 

whether to use the 3-D ultrasound to measure the thoracic kyphosis and lumbar lordosis of 

scoliotic spine in the sagittal plane. The spinous process angle (SPA) method has been 

proposed to measure the kyphotic and lordotic angles in the sagittal plane of 3-D ultrasound 

images [198, 199]. Specially, this method is based on the posterior structure of vertebrae 

along the curvature in the sagittal plane, compared with the Cobb method in radiograph.  

 

 

Based on the characteristics of 3-D ultrasound imaging, the kyphotic and lordotic angles were 

estimated using the 3-D ultrasound method by means of the accumulating angles in the 

sagittal plane. The results have shown that the spinous process angle (SPA) method in 3-D 

ultrasound presented the high intra- and inter-rater reliabilities when measuring the thoracic 

kyphosis and lumbar lordosis. However, the validity of 3-D ultrasound method (SPA) was 

not verified in this study, especially for the lumbar lordotic angle measurement. The lumbar 

lordotic angle degrees obtained from the 3-D ultrasound and MRI methods were found 

neither to be in agreement nor correlated in the patients with AIS.  

 

The inconsistency between the 3-D ultrasound and MRI measurements may be related to the 

different characteristics of these two methods. In fact, the kyphotic angle measured by the 

Cobb method only reflects the degree of tilt between the upper endplate of T1 and the lower 
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endplate of T12 in the sagittal plane, which is similar to the lordotic angle measurement 

between the upper endplate of L1 and the lower endplate of L5. In contrast, SPA method 

needs to calculate the sum of the angles formed between the two lines from three adjacent 

spinous processes from T1 to T12, and from L1 to L5 in the sagittal plane of 3-D ultrasound 

images as the angles of thoracic kyphosis and lumbar lordosis, respectively. Besides, the 

Cobb method plays emphasis on the structural features of the anterior vertebral body, while 

the SPA method on the sequential changes in the posterior part of the vertebrae, such as the  

spinal spinous processes of scoliotic spine [74].  

 

Although the results of this study have not demonstrated the validity of SPA method in 3-D 

ultrasound, this method has shown its own advantages in the measurements of thoracic 

kyphosis and lumbar lordosis in the sagittal plane. Therefore, further research is still needed 

to validate the proposed 3-D ultrasound assessments with regard to the definition of kyphotic 

and lordotic angles in the sagittal profile and is conducted in a larger sample size. 

 

4.4.4 Limitation of Study 

Even though the eligible curves in this study involved a whole range of curve severity (from 

10.2° to 68.2°) of the patients with AIS, the sample size and proportion of the severe curves 

was relatively small. Thus, further research is still required to evaluate the reliability of the 

proposed 3-D ultrasound assessment in a larger sample size. Furthermore, the quality of the 

3-D reconstructed ultrasound images largely depends on the experience and scanning skills of 

the operator, which may affect the reliability and accuracy of the ultrasound assessments. 

Therefore, it is necessary to develop more advanced techniques that could facilitate the 

automatic ultrasound scanning. As well, the semi-automatic program used in reconstruction 
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and assessment of 3-D ultrasound images should be upgraded to a fully automatic program so 

as to reduce the human errors. 

 

4.4.5 Future Application of 3-D Ultrasound Assessments 

These results established the potential application of 3-D ultrasound as a clinical tool in the 

assessment of coronal curvature for the patients with AIS. Hence, it is feasible to propose and 

apply 3-D ultrasound method to assess the scoliotic spine, perform the school screening, and 

monitor the curve progression of AIS. On the basis of 3-D ultrasound assessments, 

continuous studies are deserved to monitor and assist the rehabilitation treatments for AIS. 

However, the 3-D ultrasound technology cannot be used on the subjects who have had spinal 

surgery with implants on the laminae, as well as possible laminar decortications and/or 

resection of the spinous processes. Metal implants inside the body make strong ultrasound 

reflections that may block the imaging of the required landmarks on the vertebra. 

 

4.5 Conclusion 

The major findings of this study were: (1) Compared with the Cobb method in MRI, the 

validity of the COL method in 3-D ultrasound on coronal curvature measurement has been 

demonstrated in the patients with AIS under the clinical setting. When the degree of scoliotic 

curve is more than 60.0°, the validity of 3-D ultrasound will be affected. (2) Compared with 

the Aaro-Dahlborn method in MRI, the validity of the COL method in 3-D ultrasound on 

vertebral rotation measurements has been demonstrated in the patients with AIS under the 

clinical setting. The increase of vertebral rotation would have a tendency to affect the 

accuracy of 3-D ultrasound assessments, in particular, of the large rotation angle of vertebrae 

in the patients with AIS. (3) Compared with the Cobb method in MRI, the validity of the SPA 
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method in 3-D ultrasound in the sagittal curvature measurements has not been demonstrated 

in the patients with AIS under the clinical setting.  

 

In this study, the validity of 3-D ultrasound assessments has been verified, including the 

spinal curvature in the coronal plane (COL method); vertebral rotation in the transverses 

plane (COL method); kyphosis other than lordosis in the sagittal plane (SPA method). The 3-

D ultrasound has the potential to offer a reliable and valid assessment for the patients with 

AIS under the clinical setting. A large sample size is required to further validate the proposed 

3-D ultrasound method in the future studies. On the basis of the 3-D ultrasound assessments, 

continuous studies are deserved to monitor and assist the rehabilitation treatments for the 

patients with AIS in a non-invasive approach. 
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CHAPTER 5 Supine versus Standing Change of Coronal Curvature 

and Vertebral Rotation of 3-D Ultrasound Measurements in  

Adolescent Idiopathic Scoliosis 

 

5.1 Introduction 

Adolescent idiopathic scoliosis (AIS) presents with lateral and rotational deformities of spine.  

Due to the gravitational effect, spinal orientation between the standing and supine positions 

may change their corresponding lateral curvatures and vertebral rotations [262-265]. 

However, less is known about how the gravitational loading influences the coronal curvature 

and vertebral rotation in the patients with AIS.  

 

While the majority of clinical assessments of scoliotic spine are performed on the standing 

radiographs, supine imaging modalities such as CT or MRI are used in the certain cases and 

can provide the valuable additional information on the difference in the scoliotic curve 

geometry between the supine and standing positions. Understanding this difference also gives 

researchers and clinicians the guidelines when interpreting the supine imaging modalities 

(such as CT or MRI) where a standing plane radiographic measure may not be available [148, 

264-266].  

 

Recent studies have shown that the curve magnitudes assessed on the supine MRI images 

would underestimate that measured on the standing radiographs, indicating the important 

biomechanical role of gravitational loading on the coronal curvature of scoliotic spine [148, 

265, 266]. Moreover, Cobb angle measured from the supine MRI showed a strong positive 

correlation with that from the standing radiographs for structural or nonstructural curves, and 
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this correlation was not influenced by the patient age or body mass index [148, 265, 266]. 

However, the magnitudes of the coronal curvature changes between the supine and standing 

positions have been obtained from the different imaging modalities. Thus, it is advocated for 

the same imaging modality to be applied between the supine and standing positions, 

providing the relatively more realistic variation of the lateral curvature caused by the 

gravitational loading in the patients with AIS.  

 

With respect to the rotation of vertebrae, previous research has investigated the effect of 

gravitational loading on the axial vertebral rotation in the normal subjects [267]. However, 

little is known about how the scoliotic axial deformity changes with the gravitational loading 

on the spine and how this subsequently affects the overall spinal deformity. It is necessary to 

understand the biomechanics of gravitational loading on the lateral curvature as well as the 

vertebral rotation in the assessments of scoliosis patients, which could be used as the 

measurements of spinal flexibility [264, 268] and assisted for the procedures of surgical and 

orthotic treatments [269, 270]. 

 

In summary, the purpose of this study is to investigate the gravitational effect on the changes 

of coronal curvature and vertebral rotation between the standing and supine postures using 

the same imaging modality, 3-D radiation-free ultrasound, in the patients with AIS. A further 

objective was to analyze the relevant factors to these changes and the correlation of 3-D 

ultrasound measurements between the supine versus standing positions in the patients with 

AIS. 
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5.2 Materials and Methods 

5.2.1 Subjects 

The subject selection criteria were as follows: 1) female adolescents; 2) age: 10-18 years; 3) 

Cobb angle: 10°-80°; 4) no prior surgical treatment; 5) out-of-brace MRI examination of the 

whole spine on the same morning. 

 

Sixteen female subjects with AIS (aged 15.4 ± 2.6 years) were recruited from the local 

scoliosis clinic. Human ethical approval was granted from both the Human Subjects Ethics 

Sub-committee of the Hong Kong Polytechnic University and the Joint Chinese University of 

Hong Kong-New Territories East Cluster Clinical Research Ethics Committee. All the 

examination procedures were explained and written informed consents were obtained from 

the subjects and their parents. 

 

5.2.2 3-D Ultrasound System 

The 3-D ultrasound scan was performed with a 3-D SonixTABLET ultrasound unit (Analogic, 

Massachusetts, USA), consisting of a C5-2/60 convex transducer, SonixGPS and a 3D 

Guidance device (driveBAY, Ascension Ltd., USA). The related programs and parameters 

have been described in the Chapter 3. 

 

5.2.3 Observers 

Same as described in the Chapter 3. 

 

5.2.4 3-D Ultrasound Scan in the Supine / Standing Positions 

Ultrasound scanning was performed continuously along the coronal plane from C7 to S1, 

with the subjects in the standing and supine positions, respectively. After 3 times scanning 
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(with no breaks in between) in each position, the 3-D ultrasound reconstructed images were 

created and the two raters measured the spinal curvature and vertebral rotation independently 

in 3 trials each with one week interval. The time required was about 3 minutes for the 3-D 

ultrasound measurements.  

 

3-D Ultrasound Scan in the Supine Position 

Same as described in the Chapter 3 (Figure 5.1a). 

 

3-D Ultrasound Scan in the Standing Position 

The subjects were instructed to stand upright with the feet at shoulder width and the eyes 

looking at a horizontal steadfast object. The spinous processes from C7 to S1 were palpated 

and the general trend of coronal curvature was marked on the subjects' back by a water 

soluble marker. Ultrasound scanning was conducted continuously along the region of 

scoliotic spine from C7 to S1 (Figure 5.1b). Similar to the ultrasound scanning in the supine 

position, it also took less than 1 min to complete a full scan. 

 

 

 

Figure 5. 1 3-D Ultrasound Scanning in the Supine (a) and Standing (b) Positions. 
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5.2.5  3-D Ultrasound Assessments of Patients with AIS 

Spinal Curvature in the Coronal Plane 

Same as described in the Chapter 3. 

 

Vertebral Rotation in the Transverse Plane 

Same as described in the Chapter 4. 

 

5.2.6 Statistical Analysis 

Statistical analyses were performed using the IBM SPSS Statistics Version 21 (IBM, USA). 

A p-value less than 0.05 were considered to be statistically significant. Statistical graphs were 

made with GraphPad Prism Version 6.01 software (GraphPad, La Jolla, California, USA).  

 

The difference of lateral curvature and vertebral rotation measurements between the supine 

and standing positions was presented as means ± SD. Multi-linear regression was used to 

analyze the factors related to the supine versus standing changes of lateral curvature and 

vertebral rotation in the patients with AIS. The dependent variable was assigned as the 

coronal curvature degree in the supine position, the coronal curvature degree in the standing 

position, the vertebral rotation degree in the supine position, the vertebral rotation degree in 

the standing position, as well as the variation in selected upper-end vertebra (UEV), the 

lower-end vertebra (LEV), and the apical vertebra between supine versus standing positions. 

In addition, Pearson correlation analysis was used to investigate the possible correlation 

between standing and supine postures in the two clinical parameters: coronal curvature angles 

and vertebral rotation angles, respectively.  
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5.3 Results 

5.3.1 Comparison of 3-D Ultrasound Measurements in Supine versus Standing Positions 

The average of the 3 times data measured by the rater 1 was used in the present study. The 

difference of lateral curvature and vertebral rotation measurements between the supine versus 

standing positions were presented as means ± SD.  

 

Average Difference of Coronal Curvature Angle 

The 3-D ultrasound measurements of coronal curvature angle in the supine and standing 

positions were shown in Figure 5.2. For the entire curve cohort (n=30), the range of coronal 

curvature angle measured by the COL method in 3-D ultrasound was 10.1°~63.3° in the 

supine position, while 12.0°~69.9° in the standing position. The average difference of coronal 

curvature angle between these two positions was 4.1°±2.0°, the range was between 1.9° and 

11.7°. As shown in Table 5.1, the mean value of supine versus standing change of the lateral 

curvature was 3.0°±0.8°, 5.1°±1.3° to 7.0°±3.3° for the samples with supine COL value at the 

range of 10.0°-20.0°, 20.0°-40.0°, and >40.0° respectively. 
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Figure 5. 2 Comparison of coronal curvature measurements using 3-D ultrasound 

between supine versus standing positions in patients with AIS 

 

Table 5. 1 Average difference of coronal curvature angle between supine versus 

standing positions using 3-D ultrasound measurements in AIS 

Method 
Coronal Curvature Angle 

(Supine) 

Supine versus Standing 

Curve, n Average difference Range 

3-D ultrasound 

(COL)  

10.0°-20.0°  19 3.0°±0.8°  1.9°~4.9° 

20.0°-40.0°  7  5.1°±1.3°  3.0°~7.3° 

>40.0°  4 7.0°±3.3°  4.1°~11.7° 

Total 30 4.1°±2.0°  1.9°~11.7° 

COL: Center of Laminae. 
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Average Difference of Vertebral Rotation Angle 

The 3-D ultrasound assessments of vertebral rotation angle in the supine and standing 

positions were shown in Figure 5.3. For the entire curve cohort (n=30), the range of vertebral 

rotation angle measured by the COL method in 3-D ultrasound was 1.7°~18.7° in the supine 

position, while 3.1°~24.3° in the standing position. The average difference of vertebral 

rotation angle between these two positions was 2.1°±1.2°, the range was between 0.0° and 

5.9°. As shown in Table 6.2, the mean value of supine versus standing change of the vertebral 

rotation was 2.0°±0.6°、1.2°±1.0°、3.2°±1.4° for the samples with supine COL value at the 

range of 0.0°~5.0°、5.0°~10.0°、>10.0° respectively. Interestingly, the vertebral rotation 

angle within the 0.0°~5.0° was found to have greater supine versus standing change than that 

within the 5.0°~10.0°. The reason may be due to that the vertebra with lower rotation angle 

would be more susceptible to the change of posture during the 3-D ultrasound scanning and 

measure. 
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Figure 5. 3  Comparison of vertebral rotation measurements using 3-D ultrasound 

between supine and standing positions in patients with AIS. 

 

Table 5. 2 Average difference of coronal curvature angle between supine versus 

standing positions using 3-D ultrasound measurements in AIS 

Method 
Vertebral Rotation Angle 

(Supine) 

Supine versus Standing 

Curve, n Average difference Range 

3-D ultrasound 

(COL)  

0.0°~5.0° 13 2.0°±0.6°  1.2°~2.9° 

5.0°~10.0° 9 1.2°±1.0°  0.0°~3.5° 

>10.0° 8 3.2°±1.4°  1.0°~5.9° 

Total 30 2.1°±1.2°  0.0°~5.9° 

COL: Center of Laminae. 
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5.3.2 Relevant Factors to 3-D Ultrasound Measurement Difference in Supine versus 

Standing Positions 

Further research was conducted to investigate the potential factors to the change of lateral 

curvature and vertebral rotation from supine to standing positions. Multi-linear regression 

was used to analyze whether there was a relationship between the mean supine versus 

standing change of 3-D ultrasound measurements and the possible variables, including the 

coronal curvature degree in supine, coronal curvature degree in standing, vertebral rotation 

degree in supine, vertebral rotation degree in standing, as well as variation in selected upper-

end vertebra (UEV), lower-end vertebra (LEV), and apical vertebra between the supine and 

standing positions. 

 

Relevant Factors to Coronal Curvature Difference in Supine versus Standing Positions 

As shown in Table 5.3, multi-linear regression revealed a statistically significant relationship 

between the mean change of the coronal curvature from supine to standing positions and 

three of the candidate independent variables: coronal curvature angle in the supine position (p 

< 0.001), coronal curvature angle in the standing position (p < 0.001) and variation in 

selected upper-end vertebra between these two positions (p = 0.03).  
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Table 5. 3 Multiple linear regression of coronal curvature difference in supine versus 

standing positions. 

Dependent 

variable 

Independent 

variable 

Unstandardized 

Coefficients 

Standardized 

Coefficients t Sig. 

Beta Std. Error Beta 

Coronal Curvature 

 Difference 

(Supine versus Standing) 

 

Coronal Curvature Angle 

(Supine) 

-1.00 0.01 -7.54 -144.25 0.00 

 

Coronal Curvature Angle 

(Standing) 

 

1.00 

 

0.01 

 

8.32 

 

162.66 

 

0.00 

 

Vertebral Rotation Angle 

(Supine) 

0.00 0.00 -0.01 -0.86 0.40 

 

Vertebral Rotation Angle 

(Standing) 

0.00 0.00 0.00 0.47 0.64 

 

Variations in Selected UEV 

 

-0.03 

 

0.01 

 

-0.01 

 

-2.30 

 

0.03 

 

Variations in Selected LEV 

 

-0.01 0.01 0.00 -0.59 0.56 

The statistical data are obtained from IBM SPSS 21.0 software. 

UEV: Upper-end Vertebra 

LEV: Lower-end Vertebra 

 

Relevant Factors to Vertebral Rotation Difference in Supine versus Standing Positions 

Similarly, multi-linear regression revealed a statistically significant relationship between the 

mean change of the vertebral rotation from supine to standing positions and the candidate 

independent variables: vertebral rotation angle in the supine position (p < 0.001) and 

vertebral rotation angle in the standing position (p < 0.001) (Table 5.4).  

 

To sum up, the changes of coronal curvature and vertebral rotation between the supine to 

standing positions were related to the coronal curvature and vertebral rotation angles itself. It 

is postulated that the effect of the gravitational loading on the spine might be depended on the 

lateral curvature and vertebral rotation degrees of scoliotic spine.  
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Table 5. 4 Multiple linear regression of vertebral rotation difference in supine versus 

standing positions. 

Dependent 

variable 

Independent 

variable 

Unstandardized 

Coefficients 

Standardized 

Coefficients t Sig. 

Beta Std. Error Beta 

Vertebral Rotation 

 Difference 

(Supine versus Standing) 

 

Vertebral Rotation Angle 

 (Supine) 

 

-1.00  

 

0.01  

 

-4.22  

 

-185.43  

 

0.00  

 

Vertebral Rotation Angle 

 (Standing) 

 

1.00  

 

0.01  

 

4.86  

 

203.92  

 

0.00  

 

Coronal Curvature Angle 

(Supine) 

 

0.00  

 

0.00  

 

-0.02  

 

-0.46  

 

0.65  

 

Coronal Curvature Angle 

(Standing) 

 

0.00  

 

0.00  

 

0.02  

 

0.30  

 

0.76  

 

Variation in Selected  

Apical Vertebra 

 

-0.01  0.01  0.00  -0.81  0.42  

The statistical data are obtained from IBM SPSS 21.0 software. 

 

5.3.3 Correlation of 3-D Ultrasound Measures between Supine and Standing Positions 

Pearson correlation analysis was used to investigate the possible correlation between the 

standing and supine postures in the two clinical parameters: coronal curvature angles and 

vertebral rotation angles, respectively.  

 

Correlation of Coronal Curvature Measurements between Supine and Standing Positions 

The graphic representation of the Pearson’s correlation analysis showed a strong positive 

correlation of the coronal curvature measurements between the supine and standing positions, 

with the Pearson correlation coefficient (r) equal to 0.997 (Table 5.5). The derived formula 

for converting the coronal curvature angle measured by the 3-D ultrasound from supine to 
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standing positions was y=1.1008x+1.9049, where y and x represented the coronal curvature 

angle measured in the standing and supine positions, respectively (Figure 5.4). 

 

Table 5. 5  Pearson correlation coefficient (r) between supine and standing positions 

Measurement Sample no. (Curves) Pearson Correlation Coefficient (r) 

Coronal curvature angle 30 0.997 

Vertebral rotation angle 30 0.985 

 

 

 

Figure 5. 4  Correlation of coronal curvature measurements using 3-D ultrasound 

between supine and standing positions in patients with AIS. 

 

Correlation of Vertebral Rotation Measurements using 3-D Ultrasound 

Similarly, a strong positive correlation of vertebral rotation measurements between the supine 

and standing positions has been also demonstrated by the Pearson’s correlation analysis, 

where the  Pearson correlation coefficient (r) was equal to 0.985 (Table 5.5). The formula 
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could be derived as y=1.1318x+1.1039 for converting the vertebral rotation angle measured 

by 3-D ultrasound from supine to standing positions, where y and x represented the vertebral 

rotation angle measured in the standing and supine positions, respectively (Figure 5.5). 

 

 

 

Figure 5. 5 Correlation of vertebral rotation measurements using 3-D ultrasound 

between supine and standing positions in patients with AIS. 

 

5.4 Discussions 

In the current clinical practice of scoliosis, the majority of assessments are undertaken in the 

standing radiographs. Meanwhile, the supine imaging modalities such as CT or MRI can 

provide the important information of the 3-D characteristics of the scoliotic spine, thus they 

are clinically applicable for both preoperative and postoperative assessments of lateral 

curvature and vertebral rotation [146, 252]. It is essential for the researchers and clinicians 

specialized on the spinal deformity to understand the supine versus standing postural 
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differences when interpreting the assessment data provided by the supine imaging modalities 

(such as CT or MRI) where a standing (plane radiographic) measure may not be available 

[148, 264-266, 271]. Currently, the supine versus standing differences of the coronal 

curvature have been investigated in the patients with AIS. 

 

In addition to the change in the lateral curvature, the postures from supine to standing is also 

likely to cause the differences in the vertebral rotation (particularly some de-rotation of the 

rib hump is likely to occur during the supine scanning) [272]. Thus, the primary aim of this 

study was to identify the supine versus standing changes of both the coronal curvature and 

vertebral rotation using the same imaging modality, 3-D ultrasound, in the patients with AIS. 

The range of coronal curvature change was between 1.9° and 11.7°, while the vertebral 

rotation between 0.0° and 5.9°. The results obtained in the current study were comparable to 

the previous studies performed by Zetterberg et al. [267]and Torell et al. [262], in which the 

coronal curvature change was within 6.1° ~ 9.0° in the radiographic measurements during the 

postural changes. However, the postural change of lateral curvature found in this study was 

lower than the 11.4°~16.3° reported in the Yazici et al. [263]and Keenen et al.’s [264]studies. 

It is obvious that in the previous studies, the coronal curvature was measured using the CT in 

the supine position and the radiograph in the standing position, but not the same imaging 

modality as performed in the current study. Taken together, the magnitudes of coronal 

curvature and vertebral rotation change measured in this study expanded the knowledge of 

the postural differences when comparing the supine to standing images of the patients with 

scoliotic spine. 

 

Furthermore, the secondary purpose of this study was to determine whether any variables 

were linked to the supine versus standing changes of the coronal curvature and vertebral 
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rotation. The magnitude of coronal curvature and the variation in selected upper-end vertebra 

(UEV) between these two postures were found to be significantly associated with the coronal 

curvature change, while the magnitude of vertebral rotation was linked to the vertebral 

rotation change during the postural difference. From a biomechanical perspective, the 

patients with a larger coronal curvature angle have greater moments acting on their spine due 

to the gravitational loading, so it is intuitive that the supine versus standing change of coronal 

curvature would be related to the curve magnitude. In addition, the vertebral rotation has been 

reported to be coupled with the lateral curvature in the scoliotic spine. Interestingly, the 

supine versus standing difference of coronal curvature was also found to be associated with 

the selection of upper-end vertebra (UEV) rather than the lower-end vertebra (LEV) between 

the two postures. However, this was not consistent with the previous study, in which the pre-

selection of vertebral endplates was reported to have no clinically significant effect on the 

coronal curvature change between the supine and standing positions. The reason may be due 

to the different method used to select the end vertebrae in the 3-D ultrasound images 

compared with that in the CT or radiographic images. Overall, these results suggest that the 

variation of selected end-vertebra between the two postures still need to be taken into account 

when interpreting the supine to standing change of the coronal curvature in the patients with 

AIS.     

 

Besides, the present study suggests that the supine to standing change of coronal curvature 

and vertebral rotation could be further investigated as an alternative flexibility measure for 

the scoliotic spine, especially for the cases when additional imaging is undesirable or not 

available [264, 268]. A current method for assessing the spinal flexibility is the use of 

fulcrum bending radiographs. To predict the curve correct ability, the fulcrum is deliberately 

placed against the rib corresponding to the apex of the curve, in which the effect of muscle 
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activation would be reduced. By contrast, the supine to standing change of coronal curvature 

and vertebral rotation can be considered as a globalized loading where factors such as 

increasing gravitational loading at lower vertebral levels and muscle activation could play a 

significant role. 

 

Based on the positive correlations between the two postures demonstrated by the Pearson’s’ 

correlation analysis, the formula have been derived for converting the coronal curvature and 

vertebral rotation angles measured by 3-D ultrasound in the supine position to those in the 

standing position respectively. The eligible curves in this study involved a whole range of 

curve severity (from 10.2° to 68.2°) of the patients with AIS, but the proportion of the severe 

curves was relatively small. Thus, it is required to validate this formula with regard to the 

changes of coronal curvature and vertebral rotation between the supine and standing positions 

in a larger sample size. 

 

5.5 Conclusions 

The major findings of this study were: (1) the supine versus standing change of coronal 

curvature measured by the 3-D ultrasound is within 1.9°~11.7°; while the vertebral rotation 

changes within 0.0°~5.9°; (2) the magnitude of coronal curvature and the selection of upper-

end vertebra between the two postures have clinically significant effect on the coronal 

curvature change measured by the 3-D ultrasound; (3) the difference of vertebral rotation of 

the 3-D ultrasound measurements between the two positions tends to increase with the 

severity of scoliotic spine; (4) there is a high correlation of the 3-D ultrasound measurements 

of lateral curvature and vertebral rotation between the supine and standing positions.  
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The feasibility of using the 3-D ultrasound to assess the supine versus standing change of 

coronal curvature and vertebral rotation in the patients with AIS has been demonstrated in 

this study. The difference of the clinical parameters between the two positions tends to 

increase with the severity of AIS. Supine to standing change of coronal curvature and 

vertebral rotation could be regarded as a useful alternative measure of spinal flexibility in the 

patients with AIS. Further studies on the 3-D changes of AIS using the 3-D ultrasound are 

deserved in a large sample size. 
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CHAPTER 6 Conclusions and Recommendations   

 

6.1 Conclusions 

An accurate 3-D assessment is crucial to facilitate the diagnosis of scoliotic deformation and 

optimize the treatment strategies [3, 24]. In the routine clinical practice, the radiographic 

assessments are performed throughout the course of treatments for the patients with AIS [1, 

2]. However, the frequent exposure to radiation has been of primary concern and the 

radiographic assessments of scoliotic spine are limited in the coronal and sagittal planes [6]. 

 

Ultrasound, a non-invasive imaging technique, has currently gained considerable attention in 

the assessment of scoliosis. The development of the 3-D ultrasound system can enable the 3-

D reconstruction of vertebral images and facilitate the measurement of scoliotic spine in 

various anatomical planes that could not be accomplished previously [7-14, 16-18, 221]. 

Spinous processes, laminae and transverse processes can be visualized and used as the 

landmarks to measure the lateral curvature and vertebral rotation in the coronal and 

transverse planes of the 3-D ultrasound images in the phantom experiments [10, 12, 17, 18, 

21, 199, 224]. However, the studies using 3-D ultrasound to evaluate the scoliosis in the 

clinical setting, as well as in the different scanning positions are limited. Thus, the primary 

objective of this study was to explore the possibility of using the proposed 3-D ultrasound 

methods to measure the spinal curvature in the coronal plane, vertebral rotation in the 

transverse plane and kyphosis/lordosis in the sagittal plane in the subjects with AIS under the 

clinical setting, and to evaluate its reliability and validity with the concurrent MRI method. In 

addition, the second purpose of this study is to investigate the gravitational effect on the 

changes of the coronal curvature and vertebral rotation between the supine versus standing 

postures using the 3-D ultrasound in the patients with AIS.  
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In the present study, the center of laminae (COL) method in 3-D ultrasound presented high 

intra- and inter-rater reliabilities to measure the spinal curvature in the coronal plane and the 

vertebral rotation in the transverse plane, while the spinous process angle (SPA) method 

showed high intra- and inter-rater reliabilities to assess the kyphotic and lordotic angles in the 

sagittal plane. Compared with the MRI assessments, the validity of the COL method in 3-D 

ultrasound on the measurements of coronal curvature and vertebral rotation has been 

demonstrated through the comparison of means, Bland-Altman method and Pearson 

correlation analysis. Moreover, the SPA method has found to be valid for the kyphotic angle 

but not the lordotic angle assessments in the patients with AIS under the clinical setting.  

 

The feasibility of application of 3-D ultrasound to assess the supine versus standing 

difference of coronal curvature and vertebral rotation in AIS has been demonstrated in this 

study. The difference of the clinical parameters between the two positions tends to increase 

with the severity of AIS.  

 

6.2 Recommendations 

Continuous studies are required to optimize the 3-D ultrasound scanning and measuring 

procedure, and to further validate the 3-D ultrasound measurements in a large sample size. 

With these efforts, 3-D ultrasound will become a potential option used as an alternative to 

radiography for screening and routine assessment of scoliosis and other spinal deformities.  

 

Supine to standing change of coronal curvature and vertebral rotation could be regarded as a 

useful alternative measure of spinal flexibility in patients with AIS. Further studies on the 3-

D changes of AIS using the 3-D ultrasound are deserved in a large sample size. 
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APPENDICES 

APPENDIX A -- CONSENT TO PARTICIPATE IN RESEARCH 

CONSENT TO PARTICIPATE IN RESEARCH 

Project Title: Validation of the Clinical Application of Non-invasive 3-D Ultrasound and 

Automation Method in Assessing the Cobb Angle and Vertebral Rotation in Adolescent 

Idiopathic Scoliosis 

I __________________________________ hereby consent to participate in the captioned 

research conducted by Dr. Tsz-ping LAM (Assistant Professor of the Department of 

Orthopaedics & Traumatology, The Chinese University of Hong Kong)  and Dr. Man-sang 

Wong (Associate Professor of the Interdisciplinary Division of Biomedical Engineering, 

The Hong Kong Polytechnic University), and assisted-conducted by PhD candidate WANG 

Qian. 

 

I understand that the information obtained from this research may be used in future research 

and published. However, my right to privacy will be retained, i.e. my personal details will 

not be revealed. 

 

The procedure as set out in the attached information sheet has been fully explained. I 

understand the benefit and risks involved. My participation in the project is voluntary. 

 

I acknowledge that I have the right to question any part of the procedure and can withdraw 

at any time without penalty of any kind. 

If you would like more information about this study, please contact Dr. Man-sang WONG 

at 2766-7680. 

 

Name of participant: _______________________________________ 

Signature of participant: ____________________________________ 

Date: ___________________________________________________ 

 

Name of researcher: _______________________________________ 

Signature of researcher: ____________________________________ 

Date: ___________________________________________________ 

 

Name of supervisor: _______________________________________ 

Signature of supervisor: ____________________________________ 

Date: ___________________________________________________ 

 



176 

 

APPENDIX B -- CONSENT TO PARTICIPATE IN RESEARCH 

(CHINESE VERSION) 

參與硏究同意書 

項目名稱: 

關於非侵入性的三維超聲和自動影像識別技術用於評估青少年特發性脊椎側彎患者

的科氏角度和椎體旋轉度的臨床應用驗證 

本人 ___________________________特此同意參加由香港中文大學矯形外科及創傷

學系 林子平 助理教授和香港理工大學生物醫學工程跨領域學部 黃文生 副教授負

責執行及加以說明，並且將由 黃文生 副教授的博士研究生 王謙 來協助執行。 

 

我理解此硏究所獲得的資料可用於未來的硏究和學術交流。然而我有權保護自己的

隱私，我的個人資料將不能被洩漏。 

 

我對所附資料的有關步驟已經得到充分的解釋。我是自願參加與這項硏究。 

 

我理解我有權在硏究過程中提出問題，并可在任何時候決定退出硏究而不會受到任

何不正常的待遇或責任追究。 

 

參加者姓名：__________________________ 

參加者簽名：__________________________ 

日期：__________________________________ 

 

硏究人員姓名：__________________________ 

硏究人員簽名：__________________________ 

日期：__________________________________ 

 

導師姓名：______________________________ 

導師簽名：______________________________ 

日期：__________________________________ 

 

http://www.ort.cuhk.edu.hk/
http://www.ort.cuhk.edu.hk/
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APPENDIX C -- INFORMATION SHEET 

INFORMATION SHEET 

Project Title: Validation of the Clinical Application of Non-invasive 3-D Ultrasound and 

Automation Method in Assessing the Cobb Angle and Vertebral Rotation in Adolescent 

Idiopathic Scoliosis 

You are invited to participate in a study conducted by Dr. Tsz-ping LAM, Assistant 

Professor of the Department of Orthopaedics and Traumatology, The Chinese University of 

Hong Kong and Dr. Man-sang Wong, Associate Professor of the Interdisciplinary Division 

of Biomedical Engineering, The Hong Kong Polytechnic University. WANG Qian, who is a 

PhD candidate of Dr. Man-sang Wong, will be the assistant in this study. 

The aim of this study is trying to apply clinical ultrasound technique in assessing spinal 

deformities of the patients with adolescent idiopathic scoliosis in a non-invasive approach.  

The 3-D clinical ultrasound consists of an ultrasound system and a 3-D add-on system. The 

3-D of the ultrasound probe will be recorded by using electro-magnetic wave signal which 
is safe for human. The scoliotic spine images obtained from the clinical ultrasound 
technique will be compared with that taken from the Magnetic Resonance Imaging Method 
(including coronal, sagittal and transverse planes).

Subjects can withdraw from the study at anytime without affecting their continuous 

treatment.  

The results of this study can contribute in scientific practice of assessment and orthotic 

intervention and form a data base for further developments of orthotic treatment protocol 

for adolescent idiopathic scoliosis. 

All information related to you will remain confidential, and will be identifiable by codes 

only known to the researcher. Subjects are at minimum risk with this study. Minimal risk 

means that the risks of harm anticipated in the proposed research are not greater considering 

probability and magnitude, than those ordinarily encountered in daily life. 

You have every right to withdraw from the study before or during the measurement without 

penalty of any kind.  

If you have any complaints about the conduct of this research study, please do not hesitate 

to contact Miss Ivy CHAU, Secretary of the Human Subjects Ethics Sub-Committee of The 

Hong Kong Polytechnic University in person or in writing (c/o Room M1303, Human 

Resources Office of the Hong Kong Polytechnic University) or the Joint Chinese University 

of Hong Kong - New Territories East Cluster Clinical Research Ethics Committee (Tel. 

No.: 2632       ). 

If you would like more information about this study, please contact Dr. Man-sang WONG 

at 2766-7680. Thank you for your interest in participating in this study. 

Principal Investigator: Dr. Tsz-ping LAM 

Co-investigator: Dr. Man-sang WONG 
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APPENDIX D -- INFORMATION SHEET (CHINESE VERSION) 

項目名稱: 

關於非侵入性的三維超聲和自動影像識別技術用於評估青少年特發性脊椎側彎患者

的科氏角度和椎體旋轉度的臨床應用驗證 

誠邀閣下參加由香港中文大學矯形外科及創傷學系 林子平 助理教授和香港理工大

學生物醫學工程跨領域學部 黃文生 副教授負責執行的硏究項目。此項目將由 黃文

生 副教授的博士研究生 王謙 來協助執行。 

此研究的目標是使用三維臨床超聲和影像自動識別技術來評估青春期特發性脊柱側

彎病人的脊柱情況。閣下只需要在傳統的磁共振影像檢查當天接受一項簡單的三維

臨床超聲檢查。三維臨床超聲是在普通臨床超聲的儀器上配置三維定位系統用於追

蹤超聲掃描的探頭在三維空間中的位置，從而把二維的超聲圖像重建成為三維的圖

像。此設備中的三維定位系統是用電磁波信號進行追蹤和重建的，系統中所用的信

號對人體無害。分別由臨床超聲儀器和磁共振影像儀器獲得的三維脊柱圖片將會被

用來進行對比（包括冠狀面、橫切面和矢狀面三個平面上的比較）。 

所有的參加者都有權在任何時候選擇退出此項目，並且不影響其後續的治療。臨床

超聲波檢查已經使用多年，到目前為止還沒有出現任何安全問題報告，因此在測試

的過程中將不會令閣下有任何不必要的不適。 

此研究得出的結果可在矯形器的治療科學運用做出貢獻及能形成一個數據庫以便研

究人員進一步研發能更好的治療青春期特發性脊柱側彎的矯形器。 

凡有關閣下的資料均會保密，一切資料的編碼只有硏究人員知道。 

閣下享有充分的權利在硏究開始之前或之後決定退出這項硏究，而不會受到任何對

閣下不正常的待遇或責任追究。 

如果閣下有任何對這項硏究的不滿，請隨時親自或寫信聯絡香港理工大學-人事倫理

委員會秘書 周艾維（地址：香港理工大學人力資源辦公室 M1303 室轉交）或 聯絡

香港中文大學-新界東醫院聯網臨床研究倫理席委員會 (電話：2632-    )。 

如果閣下想獲得更多有關這項硏究的資料, 請與 黃文生 副教授聯絡，辦公室電話: 

2766-7680。 

謝謝 閣下參與這項硏究。 

首席調查員: 林子平 助理教授 

联合调查员: 黃文生 副教授 

http://www.ort.cuhk.edu.hk/
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APPENDIX E -- PROJECT PROTOCOL 

 

Project Title: Three dimensional Assessments of Adolescent Idiopathic 

Scoliosis using Three-dimensional Ultrasound 

 

Study Protocol of Chapter 3 and 4 

 

 

Subjects’ recruitment 

3-D ultrasound scan 

 

MRI scan 

Spinal curvature measurement 

(Coronal plane) 

 

Vertebral rotation measurement 

(Transverse plane) 

 

Kyphosis/Lordosis measurement 

(Sagittal plane) 

 

Chapter 3 Chapter 4 

Reliability Study Validity Study 

Intra-class correlation coefficient (ICC) 

Mean Absolute Deviation (MAD); 

Standard Deviation (SD); 

Standard Error of Measurement (SEM) 

 

 

1. Means Comparison; 

2. Bland-Altman method; 

3. Pearson Correlation 

Analysis. 
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Study Protocol of Chapter 5 

 

 

 

 

Spinal curvature 

measurement 

(Coronal plane) 

 

Vertebral rotation 

measurement 

(Transverse plane) 

 

Spinal curvature 

measurement 

(Coronal plane) 

 

Vertebral rotation 

measurement 

(Transverse plane) 

 

Subjects’ recruitment 

3-D ultrasound scan  

(Supine position) 

 

3-D ultrasound scan  

(Standing position) 

 

Mean  

Change 

Pearson 

Correlation analysis 

 

Multiple  

Linear regression 
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