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Abstract 

Scoliosis is a disease characterized by spinal deformation which typically appears during adolescence and 

growth. Regular assessment to monitor the progression of the disease is important to ensure timely 

intervention. Routine assessment is performed with X-ray but other techniques are used for preliminary 

screening or advanced assessment. The limitations of various imaging modalities leave a need for a method 

for producing 3D patient-specific spinal visualizations suitable for scoliosis assessment using ultrasound 

imaging. This thesis presents a collection of techniques which, taken together, constitute such a method. 

After exploring the related background material, a method for producing visualizations from ultrasound-

accessible skeletal landmarks is presented. The method uses the transverse process locations to deform a 

healthy-shaped spine model to match patient anatomy. Visualizations were generated and compared to CT 

to validate the method. Subsequent developments to the ultrasound assessment process were aimed at 

reducing operator interaction by automatically segmenting the spine from ultrasound, and generating 

landmarks to use with the visualization method. A bone segmentation method recently integrated into 

PLUS1 was used to identify the bone surfaces in ultrasound scans. Then a variation on k-means estimates 

the landmark locations. Automatically generated landmarks are prone to containing defects, so a Slicer2 

module offering various correction operations was developed. An ultrasound scan was used to produce a 

visualization with automatically generated, and subsequently repaired, landmarks. Initial results 

demonstrate the challenges of automatically generating 3D spinal visualizations from ultrasound data. 

Landmarks are essentially an under-sampling of a segmentation, and degrade results through a loss of 

information. Furthermore, operator controlled reparation operations reintroduce user interaction. There is 

still promise in the overall workflow. The landmark-based visualization method has been used in published 

work, and modular and incremental developments may improve segmentation generation and 

interpretation. 

                                                      

1 http://plustoolkit.org/ 
2 http://slicer.org/ 
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Chapter 1 

Introduction 

1.1 Scoliosis 

Scoliosis is a disease of the spine characterized by 

coronal curvature and associated with 3D 

deformation. Adolescent idiopathic scoliosis is the 

most common variety of the disease, affecting 1-

5% of the population [2]. It is usually diagnosed 

during early adolescence, and the curvature 

progresses until growth ceases. The gold-standard 

of assessment for diagnosis and treatment planning 

is measurement of the Cobb angle from a 

radiograph of the torso in the coronal plane. The 

Cobb angle is defined as the maximum angle 

between the endplates of any two vertebrae [3], 

measured in the coronal plane, as illustrated in 

Figure 1.  

The progressive nature of the disease requires 

regular assessment to ensure that patients receive 

less invasive treatments when possible. Bracing 

has been shown to be effective at slowing or 

halting the curvature progression in mild to moderate cases, or Cobb angles between 20° and 40° [4]. 

Surgical vertebral fusing may be necessary to stabilize spines with Cobb angles exceeding this range. As 

some lateral curvature of the spine is normal, a Cobb angle of 10° is the threshold for diagnosis [3]. 

Figure 1: DRR illustrating the Cobb angle, a 

measure of scoliotic deformity 
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Symptoms of the disease are largely the result of deformation of the torso; these symptoms may include 

psychological effects arising from cosmetic aberration, back pain, and impaired balance or respiratory 

function if the deformation is allowed to progress.  

To assist with the interpretation of the anatomy, a short description of sites of interest on the vertebrae and 

visualization planes are shown below. Two vertebrae, the repeating skeletal units which form the spine, are 

shown in Figure 2.  

 

The vertebrae have two symmetries: bilateral and axial. Bilateral symmetry is the right-left similarity, and 

axial symmetry is the similarity of neighboring vertebrae. The vertebrae lack a third symmetry, about a 

coronal plane, in that the posterior processes do not resemble the vertebral bodies. The anatomic planes, 

which define the anatomic directions, are shown in Figure 3. A parasagittal plane is shown in yellow. Its 

surface normal are the right-left directions. The red plane is axial, its surface normal are the superior-inferior 

directions. A coronal plane is shown in green. The anterior-posterior directions are normal to this anatomic 

plane. 

 

Figure 2: (Left) ï Posterior view of vertebral anatomy (Right) ï Right view 
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1.2 Visualization for therapy 

Visualization of scoliosis is important for 

ensuring optimal care through proper 

assessment. X-ray imaging remains the gold-

standard for assessment and monitoring 

because it produces a full posterior view of 

the spine, suitable for scoliosis quantification 

via the Cobb angle. Although planar 

assessment of the spine is useful for 

measuring curvatures, it is limited in the 

information it provides regarding 3D aspects 

of deformation. The modes of deformation 

are defined in terms of the rotation of 

vertebrae about the surface normals of the 

three anatomic planes. Vertebral rotation, as a 

deformation, is rotation about the axis of the vertebrae, the superior-inferior direction. Lordosis and 

kyphosis are curvatures in the spine about a right-left axis, of a sagittal plane. Scoliosis is curvature about 

an anterior-posterior axis, of the coronal plane. To assess vertebral rotation, or anterior-posterior 

deformation of the spine such as lordosis, patients may be referred for additional imaging [5]. In a hospital 

setting, the additional imaging may come from another X-ray, this time in the lateral plane, or more 

sophisticated methods like MRI or CT.  

The importance of visualization is not limited to the decision of whether to prescribe a brace or perform 

surgery. Practitioners providing conservative treatment in the form of physical therapy or chiropractic care 

may also wish to tailor the treatment to the patient-specific conditions [6]. Several established chiropractic 

or physiotherapeutic methods, such as the Schroth [7] and Dobosiewicz [8] methods, require 3D 

Figure 3: Anatomic planes shown with spine CT. 

Green plane is coronal, yellow is parasagittal, and red 

is axial. 
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information about the patient spinal anatomy. The Schroth method  involves directing the patient to perform 

órotational breathingô which opposes the torsion imposed on the torso by scoliotic deformation to improve 

respiratory function and posture [9]. The Dobosiewicz method augments asymmetric breathing exercise 

with proprioceptive and exteroceptive facilitation at the apical vertebra [8]. The directionality of 

asymmetric breathing or manual therapy depends on the direction of the scoliotic curvature in 3D, not 

simply the magnitude of the Cobb angle. Visualization in these settings is especially challenging since even 

X-ray may be unavailable, and surface-based assessment methods like the Scoliometer and optical 

techniques provide limited information about internal structure. 

The risks associated with repeated exposure to ionizing radiation during adolescence have caused some 

controversy regarding the use of radiographic method for scoliosis monitoring. Monitoring protocols may 

provide some reduction in radiation exposure. Radiographic assessment may be performed less frequently 

in mild or slowly progressing cases, and MRI may be employed for 3D assessment instead of CT. 

Nonetheless, ionizing radiation still conveys increased cancer risks [10], especially with respect to breast 

cancer in women [11], and is not available in physiotherapeutic or chiropractic settings. MRI is not a 

potential replacement for radiographic assessment because of its cost and availability. Hospital-based 

assessment and monitoring, and therapeutic settings both stand to benefit from an accessible system capable 

of providing 3D visualization of scoliosis, without using ionizing radiation. Ultrasound imaging offers just 

such a solution. It does not use ionizing radiation, making it safe and thereby inexpensive and accessible. 

Other instruments and imaging modalities have their respective uses and limitations, but we believe tracked 

ultrasound to be the best available solution for the requirements. 

1.3 Objective 

The objective of this thesis is to develop a method for 3D visualization of the spine suitable for scoliosis 

assessment. The method must use tracked ultrasound data to ensure availability and complete radiation 

safety. 
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1.4 Contributions 

The main contributions of this thesis are: 

¶ A method for generating patient-specific 3D spinal visualizations using a thin-plate spline 

transform to realistically deform a healthy-shaped model to patient ultrasound data. 

¶ A technique was designed for this visualization method, which supplements natural landmarks with 

anchor points, ensuring that the registration has sufficient 3D constraint. 

¶ Validation of the visualization method for depicting scoliotic deformities.  

¶ A method for automatically generating the landmarks used by the visualization method from an 

ultrasound scan. This was done to minimize operator interaction in manual landmark identification. 

Contributions regarding the visualization method are addressed in Chapter 3. Chapter 4 describes the 

automatic landmark generation. These chapters are presented in the order in which their subject material 

was developed rather than the order in which it is employed for data processing. Their relation, through the 

workflow that is the sum of Chapters 3 and 4, is shown in Figure 4. The patient presents for scoliosis 

assessment and a spatially tracked ultrasound is performed. The bone surfaces are automatically segmented 

from the ultrasound images, and rendered as a 3D volume. This volume depicts only the bones visible in 

ultrasound and does not resemble a spine yet. An algorithm automatically estimates the locations of bilateral 

skeletal landmarks from the segmentation and the user corrects defects in the landmarks with operations 

offered in a Slicer module. These landmarks are then used to register a healthy-shaped model to the patientôs 

anatomy with a thin-plate spline. The deformation imposed on the healthy-shaped model by the thin-plate 

spline results in a 3D, patient-specific spinal visualization suitable for depicting scoliotic deformation. 
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Figure 4: Chaptersô, and their sub-sections', combined sequence for visualization from 

ultrasound data 
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Chapter 2 

Background 

Scoliosis is classified into varieties, depending typically on the age of the patient. In fact, the various 

diagnoses allow for spinal deformity at any age. These range from congenital scoliosis at the beginning of 

life, to adult degenerative scoliosis when the spine wears out. Congenital scoliosis describes deformation 

present at birth [12]. Its immediate cause is usually a developmental defect in one or more vertebrae. 

Vertebrae may be wedge shaped, not properly segmented from neighboring ones, or missing entirely. The 

geometric perturbation introduced by such a defect can cause abnormal curvature in the overall structure of 

the spine during growth, if not corrected.  Adult degenerative scoliosis is, by definition, deformation 

resulting from deterioration of the spine. Coronal curvature can result from asymmetric deterioration of the 

spine, often occurring at the facet joints. The deterioration may be the result of metabolic disorders in the 

bones, disk degeneration, or misalignment of the pelvis [13]. Changes in bone properties can also cause 

changes in the structures of the vertebral bodies, compressing them. Compressed vertebral bodies, often 

accompanied with disc degeneration, either normal or pathological, can cause kyphotic deformation of the 

spine [14]. That is, curvature about a right-left axis into the anterior direction. This is commonly seen as a 

stooped head or hunched back in old age. Degenerative scoliosis is unlikely to go undiagnosed as 

deterioration of bones and joints causes patients to present with potentially severe back pain. Congenital 

and degenerative scoliosis may have opposing causes, in that congenital scoliosis becomes a deformity 

when an initial defect is magnified by growth while degenerative scoliosis is the result of deterioration. 

However, their common result is deformation of the patientôs spine and torso.  

The most common variety, however, is adolescent idiopathic scoliosis, affecting 1-5% of the population 

[2]. Idiopathic scoliosis, by definition, refers to the cases for which no cause is known. Results from a study 

of over 60,000 twins suggest that genetics are often a factor in causing the disease, but that environmental 

effects are more important [15]. It is usually diagnosed after a parent notices asymmetry in the childôs back, 
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such as uneven scapulae or a rib hump. Public scoliosis screening programs have been investigated and 

implemented in some American states [16]. Screening methods employ various tools, each with their 

limitations with respect to scoliosis assessment, discussed in their respective subsections below. These 

limitations are why these screening tools are used for detection, rather than for diagnosis or assessment of 

the disease. 

2.1 Detection and screening 

Unlike adult degenerative scoliosis which presents itself with back pain, adolescent idiopathic scoliosis 

may develop without indicative symptoms. The disease is usually detected by parents or family doctors 

once deformation of the spine has progressed to the point of causing externally visible asymmetry in the 

torso. This is one of the principal points driving research in public scoliosis screening programs on the 

adolescent population. The debate regarding the costs and benefits of screening programs is years old and 

ongoing [17]. Proponents argue that earlier detection can lead to earlier diagnosis and treatment when 

necessary. Critics point out the screening methodsô high false-positive rates and the costs incurred to 

healthcare systems arising from many unnecessary referrals. The following subsections describe three 

common approaches to scoliosis detection with reference to their utility for public screening. 

2.1.1 Observation and palpation 

Despite the development of numerous technologies to make scoliosis screening quantitative, more accurate, 

and improve its sensitivity and specificity, the simplest methods remain the most popular. Examination for 

scoliosis often begins with simple observation of the shirtless patient. Differences in limb length, shoulder 

or hip height, or asymmetry in the back can indicate scoliosis. The Adamôs forward bend test, often simply 

called the óforward bend testô, then places the patient in a posture assess torso rotation [18]. The patient 

bends forward until their back is horizontal. This increases the prominence of an asymmetric rib hub and 

gives the clinician a perspective to easily see it. The forward bend test makes the decision to refer a patient 

for diagnosis based on human judgement. The test, by itself, is generally not recommended for public 
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screening programs [19]. Screening assessment sensitivity and specificity can be improved by combining 

the forward bend test with instrumental techniques [20]. 

2.1.2 Scoliometer 

A Scoliometer is an instrument which measures 

the angle of axial tilt rotation at some section 

across the torso. Like a carpenterôs level, 

traditional Scoliometers use a bubble or 

enclosed ball that is observed against a 

protractor to indicate the angle. More recently, 

the function has been implemented on 

smartphones using their built-in accelerometers 

to measure inclination [21] [22]. The traditional 

Scoliometer and its smartphone-based variety 

are shown in Figure 5. Scoliometer screening is 

performed with the patient bending as far 

forward as they can. Axial rotation angles are 

measured from one end of the torso to the other, 

and the single greatest angle is noted. Huang reported difficulties in selecting an optimum angle cutoff for 

referral [23]. The Scoliometer is not a sensitive detector of Cobb angles up to 20°; Côté et al. reported a 

sensitivity of 71% for detecting such cases [24].  

Whether or not the Scoliometer is ultimately beneficial to public health when used for scoliosis screening, 

it is not suitable for diagnosis, regular monitoring, or treatment assessment. Axial trunk rotation is 

correlated with vertebral rotation, which is in turn correlated with the Cobb angle [25]. However, the Cobb 

angle is a measure of the relative rotation of two vertebrae about an axis normal to the coronal plane. Despite 

Figure 5: (A) ï Axial trunk rotation measurement 

with smartphone (B) - Measuremet with traditional 

Scoliometer, from [22] 
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the correlation, this is an independent direction of rotation and distinct deformation. The Cobb angle must 

be measured accurately for diagnostic assessment and monitoring. 

2.1.3 Optical 

Optical methods are relatively new techniques under investigation for scoliosis assessment. They make use 

of light and vision systems to measure external asymmetry of a patientôs back. Frerich et al. was able to 

measure multiple modes of spinal deformation by imaging structured light and constructing anatomic 

models with a Formetric 4D system [26]. Model assessment, performed by comparison with a database of 

thousands of model-radiograph pairs, even produces a geometric model of the spine at the vertebral level. 

Images from Frerich et al. in Figure 6 illustrate this structured light method and model generation.  

Komeli et al. used multiple laser scanners to obtain a point-cloud representation of patientsô backs [27]. 

The plane of best symmetry was found for the point cloud as the plane which minimizes the distance 

between points reflected across it to those originally across it. Torso asymmetry could then be assessed as 

the distance between each point and its reflected partner. This was then visualized as distance maps on 

Figure 6: (Left) - Structured light used to measure landmark locations shown as points. (Center) - 

Landmark based model and resulting topography (Right) - Skeletal model produced from 

landmark locations; all from [26] 
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projections of patientsô backs, as shown in Figure 7. The aim of this study was mainly to investigate a novel 

classification method based on surface asymmetry. A subsequent work investigated the possibility of using 

features derived from surface measurement to identify whether patientsô Cobb angles have progressed 5° 

or more as determined by X-ray [28]. Their classification trees used features including percent area changes 

in deviant surfaces, changes in maximum deviation, and changes in root-mean-squared deviation. Another 

study classified patients by their apical vertebra level and by curvature severity [29]. Again, X-ray was used 

to establish the ground-truth.  

Despite the impressive inference of vertebral geometry from surface topography, external information is 

not suitable for diagnosis or routine assessment. Although measurement results were consistent across 

repeated tests with the Formetric system, lumbar and thoracic curves, thoracic kyphosis and lumbar lordosis 

were substantially and consistently under-predicted when compared with standard radiographic 

measurement [26]. Accurate measurement of these quantities, especially the larger of the thoracic or lumbar 

curves as the Cobb angle, is essential for the decision of whether or not to refer the patient for radiographic 

diagnosis. A method which under-predicted lumbar coronal curvature by nearly 10°, equal to the threshold 

for diagnosis, is not likely to be precise enough for public screening. 

Figure 7: Distance maps used to visualize torso surface asymmetry and classify deformation by 

Komeli et al. [27] 
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2.2 Diagnosis and assessment 

Whether from a concerned parent or a positive screening result, suspicion of scoliosis is confirmed with 

radiographic assessment. The criterion for diagnosis is the measurement of a Cobb angle exceeding 10°. 

Once a child is diagnosed with scoliosis, they must return regularly for monitoring, to ensure that 

intervention can occur before the disease impacts their health. The Cobb angle is the gold-standard measure 

of scoliotic severity used for assessment in both monitoring and diagnosis. More advanced assessment 

generally uses CT or MRI to obtain a 3D model for the patientôs spine. 3D visualization can be used to 

design an orthopedic brace, tailor physical therapy exercise, or to plan for surgery. The different imaging 

modalities commonly used for diagnosis and assessment of scoliosis are subsequently discussed in their 

respective sections. 

2.2.1 X-ray 

A posterior-anterior radiograph of the back will remain the standard assessment for scoliosis as long as the 

Cobb angle is the gold-standard for scoliosis quantification. This is not likely to change because of several 

favorable characteristics of radiography and the Cobb angle itself. The Cobb angle is a single measurement, 

performed on a single, planar image. Figure 8 shows a digitally rendered radiograph annotated with the 

Cobb angle and several other parameters of interest for scoliosis assessment. 
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Defining the Cobb angle as the greatest angle between the endplates of any two vertebrae, projected onto 

the corona plane, was intended to minimize measurement variability. Nonetheless, any measurement is 

subject to variation. Tanure et al. lists mean errors in Cobb angle measurement from literature as ranging 

from 1.7° to 6.5°, and theirs as just over 3.5° [30]. Some of this error comes from variation in identifying 

the vertebrae that define the curve. Furthermore, vertebral endplates are never quite perpendicular to the 

image, and do not form unambiguous lines between vertebrae. 

X-ray technology is ubiquitous; machines can be found at most clinics and hospitals worldwide. X-ray also 

produces good-quality images of the spine, in the sense that bone-tissue interfaces display high contrast, 

Figure 8: DRR annotated with several parameters routinely examined in scoliosis assessment 
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and the full spine can be visualized in the imaging plane. Despite the utility of X-ray, its repetitive use 

during adolescence for scoliosis assessment is associated with an increased risk of cancer due to ionizing 

radiation exposure [31]. The dangers of radiation exposure, to both patients and practitioners, inflate the 

monetary cost of X-ray imaging, because of the need to comply with safety regulations.  

EOS Imaging has developed a low radiation, biplanar X-ray system capable of 3D assessment of scoliosis 

in a standing posture [32]. This imaging system is referred to as EOS by EOS Imaging and in literature. 

Numerous investigations have been conducted regarding the economics of the EOS system for scoliosis 

assessment and there is generally agreement that the system is not economically viable [33]. Although the 

system provides a substantial reduction in ionizing radiation dose to the patient compared to conventional 

X-ray, the monetary savings to healthcare systems resulting from the corresponding reduction in cancer 

risks do not offset the high initial and operating costs of the system. 

2.2.2 CT 

CT imaging provides excellent 3D information about patient anatomy, including vertebral rotation and 

sagittal deformation. A segmentation of the spine from a CT scan produces the kind of visualization which 

practitioners can use to design braces [34], or make the decision to resort to surgical treatment. An example 

of a spine segmented from CT using a simple intensity threshold is shown in Figure 9. 
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However, CT imaging has the same major drawback as regular X-ray radiography: the risks and costs 

associated with ionizing radiation. Furthermore, the availability of CT scanners is more limited than that of 

regular X-ray. Not only are CT scanners less common than X-ray machine, but scoliosis is assessed in a 

standing position, requiring special vertical scanners. These constraints make routine scoliosis assessment 

with CT risky in a hospital setting, and impossible in a chiropractic or physiotherapeutic setting. 

2.2.3 MRI  

MRI is a radiation-free alternative to X-ray and CT which is can produce high resolution, high contrast 

images of a patientôs full spine. Schmitz et al. used MRI for 3D assessment of the effects of bracing on 

Figure 9: Posterior and right views of torso CT segmented with an intensity 

threshold to show bones 
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spinal deformation [35]. Projections of one of their scans is shown in Figure 10. Typical MRI machines, 

like the 1.5T Gyroscan ACS-NT PowerTrak 6000 system used by Schmitz et al., scan patients in a supine 

position. However, scoliosis is assessed with the patient standing because the curvature increases when the 

spine bears weight. Diefenbach et al. used an upright MRI machine to measure Cobb angles and observed 

a good correlation with standard radiographic measurements, although they did not report measurement 

errors [36]. MRI is also particularly useful for imaging soft tissues which may be of interest in chiropractic 

treatment because of the information it may convey regarding back pain. Keenan et al. used MRI to measure 

vertebral wedging and disk deformation as these could provide information about how the scoliosis might 

progress [37]. Unfortunately, the availability of MRI machines constitutes a major drawback compared to 

X-ray. MRI machine are usually only available at large metropolitan or university hospitals. The availability 

of upright MRI machines, like that used by Diefenbach et al., is even more limited. 

2.3 Ultrasound-based assessment 

2.3.1 Scoliosis assessment 

Ultrasound-based assessment of scoliosis is a promising area of research. Ultrasound is a safe imaging 

modality as it has no known health risks. This implies relatively inexpensive safety standards which must 

be satisfied, compared with X-ray imaging. The inexpensiveness and safety of ultrasound have contributed 

Figure 10: Projections of an axial MRI scan from the left-sagittal view, to right sagittal view, from 

[35] 
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to its proliferation in clinical and research applications. The tradeoff for the economy and portability of 

ultrasound is the limited field of view and low image quality, compared to other modalities. There is 

essentially no difference between a single 2D spinal ultrasound image of a scoliotic and healthy patient. 

Therefore, a series of ultrasound images, on their own, are not suitable for scoliosis assessment. They can 

only provide small planar parasagittal and axial views of anatomic landmarks. Scoliotic deformity, 

however, is characterized by the overall shape of the spine, by the geometric relations between these 

anatomic landmarks. Therefore, ultrasound-based scoliosis assessment employs spatial tracking. An 

electromagnetic or optical position tracker fixed to the ultrasound probe, with one fixed to the patient for 

reference, provides position information for each image captured.  

Spatially tracked ultrasound has been used in numerous ways for scoliosis assessment. Purnama et al. 

demonstrated a method for using optically tracked ultrasound images to construct a 3D volume from which 

various skeletal landmarks could be located [38]. Chen et al. used a mechanically positioned ultrasound 

probe to obtain images with spatial information [39]. They used maximum intensity projection to create 

coronal images of the phantomsô and 

patientsô complete thoracic and lumbar 

spines. The centers of the laminae were 

identified in these coronal images and used 

as landmarks to measure the tilt of the 

vertebrae. The angle between the two most 

mutually tilted vertebrae served as an 

approximation to the Cobb angle. Figure 

11 shows this measurement both on a 

patientôs X-ray and on one of the coronal 

images constructed from ultrasound. Ungi 

et al. used an electromagnetically tracked 

Figure 11: Comparison of standard radiographic Cobb 

method with center of laminae method from [39] 
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ultrasound probe to identify transverse processes from their characteristic response in a parasagittal 

orientation [40]. Rather than perform a complete scan for subsequent volume reconstruction, ultrasound 

snapshots were captured where they depicted transverse processes. After loading the snapshots into a 3D 

environment, the transverse processes were manually located and used as a proxy to the Cobb angle via the 

vertebral tilt. Figure 12 shows such a set of ultrasound snapshots in 3D space with markers placed on the 

transverse process locations, and the use of those landmarks to obtain the angle of coronal tilt. 

Cheung et al. [41] and Wang et al. [42] both used spatially tracked freehand ultrasound probes to render 

3D models of the spine similarly to Chen et al. Cheung et al. used these models to locate the transverse 

processes and superior articular processes while Wang et al. used the laminae. Assessment based on these 

landmarks also used vertebral tilt as a proxy to the Cobb angle. Both methods used special ultrasound 

Figure 12: (Left) - Ultrasound snapshots of scoliotic spine in 3D space; manually identified 

transverse process locations shown as red points (Right) - Characterization of scoliotic 

severity with angle between maximally tilted vertebrae by landmarks as used by [40] 
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transducers, wide enough to image the entire width of the spine simultaneously. They also used different 

support frames to position the patient. Cheung et al. performed the assessments with the patients standing 

against a chest board, while Wang et al. used a couch with a slot cut out for supine assessments. 

Nguyen et al. predicted Cobb angles to within 5° in phantom and pilot clinical tests [43]. They measured 

vertebral tilt as well as axial rotation from a model composed of surfaces. The surfaces were generated from 

a collection of points, approximately 20 points per ultrasound image. The points were located manually by 

operators, with assistance from spline interpolation. Each image took roughly 15s of processing according 

to the authors. To save time, typically 170 of the ultrasound images were used to generate points out of the 

850 images captured. Still each scan required an hour of manual processing. Nguyen et al. produced visually 

impressive representations of the spine, if at the expense of extensive user input. Other groups have explored 

the problem of automatically detecting bone surfaces in ultrasound images. 

2.3.2 Bone segmentation 

The methods discussed above demonstrate that performing patient-specific scoliosis assessment requires 

identification of skeletal landmarks in ultrasound images. Ultrasound images in general are difficult to 

interpret because of their high signal-to-noise ratio, imaging artifacts, and the orientation and small size of 

the image plane. Furthermore, a single ultrasound scan can consist of many images. Manually identifying 

bony features is impossibly burdensome in a scan of the entire spine, consisting of hundreds or thousands 

of images. Snapshot and rendered model methods make manual identification of skeletal landmarks more 

convenient but still time consuming and unreliable. Manually identifying a series of landmarks along the 

spine will inevitably be slower than X-ray to assess coronal curvature as X-ray can image the coronal plane 

immediately. 

To the ends of improving patient assessment accuracy, reducing operator workload, and reducing intra and 

inter-operator variability, research efforts have investigated automatic segmentation of bone in ultrasound. 

The nature of ultrasound images, and the responses produced by bones in them make this a challenging 
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problem. Characteristics of bone in 

ultrasound are discussed below, before 

reviewing some methods which have been 

investigated to automatically segment 

them. 

The large difference in acoustic impedance 

between soft tissue and the bone beneath it 

is a characteristic of bone which can serve 

to both identify and conceal the bone. The 

high impedance of bone can cause nearly 

all of the acoustic energy to be reflected 

back to the transducer, producing two 

effects characteristic of bone in ultrasound. 

First, with so much energy being reflected at 

once from the bone surface, a bright line 

appears in the ultrasound image. Second, 

with so little energy continuing past this 

surface, a dark acoustic shadow is seen 

below the bone. These characteristic 

responses of bone in ultrasound are clearly 

visible in Figure 13. This bright surface 

response can only occur when the angle 

between the boneôs surface normal and 

direction of propagation of the acoustic 

beam is small. As this angle increases, two 

Figure 13: Parasagittal ultrasound image of a phantom 

model's transverse processes 

Figure 14: (a) - Bone surface steeply inclined relative to 

probe reflects signal away (b) - Mildly inclined bone 

surface can reflect signal to different spots on transducer 
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phenomena, common in cause but opposite in result, can occur. First, the bone surface can reflect the 

acoustic energy away from the transducer, eliminating the bright surface response. Second, the surface can 

reflect the energy towards another piezoelectric crystal in the transducer. The bone-like response observed 

at another location on the probe, delayed relative to a nearby flat surface, gives the bone an apparent 

thickness in ultrasound. These phenomena are illustrated in Figure 14. 

Numerous methods have been proposed to automatically segment bone from B-mode ultrasound images, 

building on basic image processing techniques [44]. Foroughi et al. used known characteristics of bone in 

ultrasound to design a segmentation method [45]. They used dynamic programming to extend contours 

along bright surfaces, normal to the ultrasound waves, with dark shadows beneath them. Different methods 

have employed variations of image thresholding to recognize the bright response which bone surfaces 

produce in ultrasound. Kowal et al. augmented a basic threshold with depth-weighting as a geometric 

heuristic to preferentially recognize deeper bright structures as bone [46]. Masson-Sibut et al. employed a 

vertical gradient operation before thresholding, since bone surfaces are likely to be visible when they face 

the direction of ultrasound propagation, and produce a marked change in brightness compared to soft tissue 

above and acoustic shadow below the surface [47].  

Most methods use some kind of morphology, both to eliminate small groups of false-positive pixels and to 

consolidate correctly segmented pixels of a given bone surface. Kowal et al. used a ópixel cloud stock 

exchangeô where pixels identified as belonging to a cloud were assigned particular values based on their 

positions in the image and relative to other pixels [46]. This value reflected the likelihood that a pixel was 

bone. It increased with the number of pixels in the cloud and decreased close to the probe. Pixels would use 

this value to buy other pixel groups into their own, consolidating a bone surface. Masson-Sibut et al. used 

island removal to eliminate false positive pixels, pixels groups smaller than 5 pixels where pixels belonged 

to a given group if they were within a 3×3 neighborhood of one another [47].  

Hacihaliloglu et al. proposed the use of phase information in ultrasound images as a means of identifying 

bone surfaces [48] [49]. Phase-based methods generally make use of banks of quadrature band-pass filters 
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which respond to local structural symmetry. Filters are chosen and tuned to identify the symmetry and 

orientations expected from the ridges which bone surfaces produce in B-mode ultrasound images along the 

scanlines. In a different application than the spine, Abu Anas et al. combined phase symmetry with acoustic 

shadow measurement from Foroughi et al. to segment the surface of the scaphoid in ultrasound [50]. They 

then used point clouds derived from the segmentation to register a statistical scaphoid model to phantom 

ultrasound data. Their method was more computationally expensive than [48] or  [49], but particularly 

suited for identifying blurred bone surfaces. 

Machine learning has also been investigated as a tool to segment bone in ultrasound. Berton et al. trained a 

linear discriminant analysis classifier to identify different structures in axial spinal ultrasound [51]. 

Individual pixels were ascribed to one of three groups: spinous process, acoustic shadow, or other tissue. 

Classification was performed based on features like the bone probability map from Foroughi et al., local 

phase symmetry from [48], and image gradients from a Sobel edge detector. Classification was generally 

good, achieving roughly 90% classification accuracy for each pixel group. However, of 175 ultrasounds, 

only 107 were deemed to be of sufficient quality for the study.   

A segmentation of the bone surfaces from a spinal ultrasound scan, by itself, provides a 3D representation 

of a limited portion of the spine. Bone surfaces normal to the direction of ultrasound are those that can be 

seen and segmented. These visible bone surfaces may be used to derive landmarks to estimate scoliotic 

curvature, but do not provide a 3D visualization of patient specific spinal anatomy at the vertebral level, 

like a CT or MRI segmentation. 

2.3.3 3D visualization 

The angle of coronal curvature, whether measured from X-ray or one of the ultrasound-based methods, is 

useful information for making decisions regarding when to begin treatment. A physiotherapist or 

chiropractor, who may be limited to ultrasound imaging, may still wish to obtain 3D visualizations of 

patientsô vertebral anatomy. Such a visualization could demonstrate the progression of a scoliotic curve to 

an adolescent patient or their parents, where a series of numerical angles or even the models used in the 
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ultrasound based assessment methods may not. The ultrasound-based scoliosis assessment methods 

described above are useful as alternatives to X-ray for coronal curvature measurement, but are not intended 

to produce 3D vertebral visualizations. Several methods have been developed producing 3D visualizations 

of spinal anatomy at the vertebral level, though none suitable for the purpose of purely ultrasound based 

scoliosis assessment, as we will see. 

Rasoulian et al. produced 3D spine visualizations for injection navigation by registering a statistical spinal 

atlas to a tracked ultrasound scan. The statistical atlas was generated from the CTs of 32 patientsô lumbar 

spines, and parameterized the shapes and poses of the vertebrae. Initial in vivo results indicated that the 

facet joints could be identified to within roughly 5mm when compared with CT ground-truth. The feasibility 

of generating patient-specific spinal visualizations suitable for interventional navigation using only 

ultrasound imaging is an exciting prospect. Unfortunately, the derivation of a statistical atlas suitable for 

scoliosis assessment presents additional challenges. The variability in the shapes and poses of even healthy 

vertebrae require multiple samples to estimate; Rasoulian et al. used 32 CT scans. Scoliosis presents with 

far more variability in vertebral shapes and poses than healthy spines. A data set with enough samples to 

capture each mode of deformation possible in scoliosis, at each possible location in the thoracic and lumbar 

regions, remains to be developed.  

2.4 Summary 

Scoliosis is a disease characterized by spinal deformation that can affect people of all ages. The most 

common variety of the disease is adolescent idiopathic scoliosis. Detection typically occurs when 

asymmetry is noticed in the torso. Although public screening programs may improve detection rates, there 

is some controversy regarding the overall utility of such programs. A patient is definitively diagnosed with 

scoliosis when the Cobb angle measurement from an X-ray exceeds 10°. Once diagnosed, the progressive 

nature of the disease requires that the patient return every few months for reassessment, to monitor curvature 

progression. X-ray remains the gold-standard for both diagnostic and regular monitoring assessment, 

though 3D assessment such as CT or MRI may be performed for treatment planning.  
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Research in ultrasound-based scoliosis assessment has shown promise in addressing a number of issues. 

Most notably, ultrasound does not employ ionizing radiation, thereby reducing health risks compared to 

routine X-ray. It is also a more accessible technology than CT or MRI. When combined with spatial 

tracking, ultrasound images can be used to perform 3D assessment of the patientôs anatomy. Various 

parameters characterizing deformation can be computed from landmarks located with 3D ultrasound. 

Segmentation methods have been used to automatically identify bone in ultrasound, usually for skeletal 

model registration. There remains a need for a method which can produce complete spinal visualizations 

suitable for 3D scoliosis assessment, which makes use only of ultrasound imaging.  
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Chapter 3 

3D visualization of scoliotic spine with ultrasound 

The work presented in this chapter has recently been adapted and incorporated into work by Baum et al. 

[52]. Specifically, the method for warping a healthy-shaped model to patient landmarks collected from 

ultrasound is used. Baum et al. adapted the method so that the visualization is generated while the operator 

is performing the tracked ultrasound scan, once several landmarks have been manually identified. This 

initial visualization is meant to help the operator locate subsequent landmarks. Subsequent landmarks are 

then used to update the visualization and the process repeats. Baum et al. found that operators generally 

liked the visualization-assisted landmark location method in that it helped them locate the landmarks and 

was easy to learn and use.  

3.1 Overview 

The method presented in this chapter, first descried in Church et al. constitutes a key contribution of this 

thesis [1]. It describes how transverse process locations can be used to constrain the registration of a healthy 

spine model to patient anatomy. This addresses the need for a method which uses ultrasound data, the 

transverse process locations, to generate spinal visualizations capable of depicting patient-specific scoliotic 

deformity. The method consists of: 

i. Locating the patientôs transverse processes to serve as anatomic landmarks 

ii. Supplementing these landmarks with anchor points 

iii.  Using the natural landmarks with the anchor points to constrain a thin-plate spline registration 

iv. Using the thin-plate spline to deform the healthy-shaped model to the patientôs anatomy  

The method is validated by comparing the deformed model to a ground-truth surface derived from patient 

CTs. An overview of this method is shown in flowchart form in Figure 15. The following sections then 

describe the derivation of the data used by the method, the healthy-shaped model and the transverse process 
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landmarks. Subsequent sections describe the registration and warping used to produce the visualization, 

then validation of the method, and discussion. 

3.2 Healthy-shaped model 

The main idea of this visualization method is to deform a healthy-shaped spine model to patient anatomy. 

The healthy-shape model used in this method was segmented from a cadaverôs CT scan and can be found 

at [53]. The healthy-shaped spine is represented as a closed-surface model. That is, a collection of vertices 

and edges which can be rendered as a geometric surface in a virtual 3D environment. It was truncated to 

contain only the thoracic and lumbar vertebrae, as these are the regions primarily affected by scoliosis and 

consistently present in the available scans. The vertebrae were then segmented individually from one 

another and the vertebral disks, allowing for the creation of healthy-models corresponding to whatever 

length of the patientôs spine is scanned. Since the visualization method uses the transverse process locations 

for landmark-based registration to deform this model, points were manually placed on these landmarks. 

This healthy-shaped model and manually identified landmarks are shown in Figure 16. 

Figure 15: Proposed method for patient-specific spine visualization from ultrasound-accessible 

transverse process locations. Rectangles represent patient-specific data, ovals represent 

processes. Healthy-shaped model data is represented with cylinders to indicate persistence. 
































