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Abstract—Ultrasound volume projection imaging (VPI), developed with free-hand 3-D ultrasound system, has been advanced to 

assess scoliosis, a medical condition defined as lateral spine curvature > 10°.  Ultrasound VPI provides a coronal view of spine for 

manual measurement of spine curvature, achieving a performance comparable to the standard posteroanterior standing radiograph. 

However, the subjective manual measurements still restricted its wider applications in the diagnosis of scoliosis. In this study, we 

proposed a semi-automatic method to assess the spine curvature by using the polynomial curve fitting to the manual input curve 

points perceived on the spinous column profile in VPI images obtained from the Scolioscan, a freehand 3-D ultrasound system. The 

spine curvature angle was automatically calculated according to the inflection points on the curve.  Totally 70 subjects (age: 15.9  

2.7 years) with different degrees of scoliosis were recruited to evaluate the performance of proposed semi-automatic measurement 

method. The curvatures obtained using the semi-automatic method had a significant correlation with those by the manual method 

(slope = 0.96, r = 0.9; p < 0.001). The proposed semi-automatic framework is capable of measuring the spine curvature based on the 

coronal images obtained with free-hand 3-D ultrasound system, expediting the application of Scolioscan in scoliosis diagnosis. 
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I. INTRODUCTION  

Scoliosis is a common medical condition characterized by a 3-D spine deformity with a side-by-side spine curvature > 10°, 

greatly affecting the adolescents 10-18 years of age. The prevalence of adolescent idiopathic scoliosis (AIS) is 2-4% in the 

United States [1] and 3.08% in Hong Kong [2]. AIS might introduce a series of health problems including back pain, and disc 

degeneration [3,4]. As curve progression is the most probable occurrence among teenagers with AIS, the regular observation 

of scoliosis is essential for monitoring curve progression.  

Standing radiograph with Cobb’s method [5], a gold standard in scoliosis diagnosis, is widely exploited to evaluate the 

spine deformity and identify the type of scoliosis. The positive findings of a rib hump in scoliosis screening required to be 

definitively diagnosed using a Cobb angle measurement on posteroanterior radiographs [1]. The treatments including bracing 

and surgery are necessary for the patients with Cobb angle > 20°, while routine observation is suggested for the patients with 

Cobb angle between 10° to 20° [1]. Nonetheless, the Cobb angle is acquired through subjective manual measurements, result-

ing in considerable variations in measurements. The intra- and inter-observer reliability of Cobb angle measurement is about 

5° [6,7], influencing the mass screening, diagnosis, and follow-up observation for scoliosis. Apart from reliability-related 

problems, one critical issue with X-ray examination of spine deformity is radiation-related health problems, especially for 

teenagers. It has been reported that frequent X-ray examinations over their growth period may raise the risk of cancer in those 

AIS patients, especially girls with AIS [8], though patients with AIS should undergo X-ray examinations every 4 to 6 months 

to monitor curve progression or treatment outcome until they become adults [9].  

Alternatively, various non-radiation systems based on surface topography or optical techniques have been used for assessing 

scoliosis. However, measurements using these systems have been demonstrated to be inaccurate ascribed to the indirect as-

sessment of spine deformity from trunk asymmetry indices [10-12]. Magnetic resonance imaging (MRI) also commonly serves 

for accessing scoliotic spine due to their high resolution and 3D information. Nonetheless, MRI examination is time consuming 

and expensive. In addition, the patient is required to keep still for several minutes in supine posture during MRI examination. 

It has been revealed that the assessment of scoliosis was influenced by the posture of patients [13,14]. Although standing MRI 

has been available for some years, few studies have been presented on its application in scoliosis probably ascribed to its low 

accessibility. 

On the other hand, ultrasound imaging is a low cost, and radiation-free imaging modality while provides body internal 

anatomical information. Recently, a number of free-hand 3-D ultrasound systems have been advanced to assess the scoliosis 

[15-22]. The bony features in B-mode ultrasound images, including the laminae or transverse process, have been located with 
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3-D position information for measuring spine curvature in vitro and vivo experiments [15-19]. However, these bony features 

have to be manually identified in dozens of ultrasound images [15-17], which is time-consuming and subjective. Moreover, 

the measurements became obviously worse in vivo experiments, especially for the subject with high body mass index (BMI) 

[18]. The alternative method is to measure the spine curvature based on volume data with different volume rendering methods 

for the spine anatomy, such as volume projection imaging (VPI) [20] and maximum intensity projection [21], thus obviating 

the limitation of 2-D imaging of 3-D anatomy. The feasibility of using spinous column profile [20] and center of lamina [21] 

on the coronal visualization of spine anatomy has been demonstrated for the measurement of scoliotic deformity in vivo [20,22]. 

However, the measurements on visualization of spine anatomy were still dependent on practice and awareness of observers. 

The intra-observer reliability of spine curvature measurement can be about 3° [20,22]. As illustrated in Fig.1, when using 

spinous column profile as a reference (VPI-SP) for spine curvature measurement, it is difficult to locate the line portions 

delineating the inflection points of spine curve, resulting in variation between manual measurements, even from the same 

observer.  

In this paper, we proposed a semi-automatic VPI-SP method to assess scoliosis on Scolioscan, a newly developed free-hand 

3-D ultrasound system, by employing a polynomial curve fitting to the points manually input from observers. The proposed 

method with Scolioscan was described in details in the following section, and was tested with subjects with different spine 

curvature angles. 

     

                                    (a)                                       (b) 

Fig. 1 An example of showing manual measurement on the spine VPI image using VPI-SP method: (a) the first measurement; (b) the second measurement. 

Differences are shown in the two measurements 
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Fig. 2 The Scolioscan system with its components labeled. 

II. METHODS 

A. System Overview 

As shown in Fig. 2, Scolioscan (Model SCN801, Telefield Medical Imaging Ltd, Hong Kong), a freehand 3-D ultrasound 

imaging system based on the techniques reported earlier [15,16,18,20,23], was developed with industrial and ergonomic de-

signs of the hardware and software interfaces. A rigid frame with two movable supporting boards and four adjustable support-

ers was designed to facilitate patients of different heights to maintain a stable posture by locating and fixing the position of 

acromion and pelvis. The 3D ultrasound imaging of spine was achieved through free-hand scanning using a liner 2-D ultra-

sound probe (frequency: 4-10 MHz; width: 10 cm) combined with a position sensor. And the electromagnetic transmitter is 

located inside the transmitter box (Fig. 2). One touch screen in the front is used by the operator for managing patient infor-

mation and examination data, setting scanning parameters, controlling 3-D image collection and VPI image generation, and 

performing measurement. Another screen on the back is to provide helpful information for patients, including a green eye spot 

with location set according to the height of patient to facilitate him/her to keep a stable posture for head and neck during 

scanning  
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Fig. 3 The shadow below the vertebrae in the B-mode ultrasound images 

B. Semi-automatic Assessment of  Scoliosis 

Bone can produce a strong reflection of ultrasound wave, resulting in "bone" shadow in B-mode image. As illustrated in 

Fig. 3, shadow below the vertebrae can be clearly observed in 2-D ultrasound images of spine region. In addition, anatomical 

structures of vertebrae make the spinous processes closer to the skin than other bony features in images (Fig. 3). Therefore, 

the shadow curve nearby the middle of VPI image (Fig.1) was generated to represent the spinous column profile when using 

the average blending function for rendering the spine anatomy in VPI method. This ultrasound shadow curve can then be 

perceived to assess the spine curvature.  
The Cobb angle is actually the angle formed by locating the vertebrae closest to inflection points of scoliotic curve as it is 

drawn by two intersecting lines perpendicular to the most tilted vertebrae on the posteroanterior standing radiographs. Similarly, 
as shown in Fig.1, the lines coinciding with tangent lines at the inflection points of spine curve were manually positioned in 
spinous column profile when using VPI-SP method for curvature measurements. Nonetheless, the position of line portions 
manually drawn in VPI images might be different from real inflection points of curve identified by spinous column profile. In 
addition, it is also difficult to manually draw lines coinciding exactly with the tangent line at the corresponding inflection 
points. On the other hand, the points on the curve of spinous column profile were easier to identify than inflection points and 
corresponding tangent lines of that curve. Therefore, in this study, we proposed a semi-automatic VPI-SP method by using the 
shadow curve points, instead of tangent lines at its inflection points, to measure the spine curvature. The points located in the 
middle of spinous column profile were manually drawn in VPI images to delineate the spine curve. After all points were 
manually input, a 6th order polynomial curve fitting was employed to the curve points for obtaining the equation of spine curve 
S(v), since the 6th order polynomial curve represents the best approximation to the physiological curvature of the spine [24]. 
At least 6 points were input for determining the curve equation S(v) in this semi-automatic measurement in this study. Finally, 
the spine curvature angle was the maximum angle formed by the normals of two adjacent inflection points obtained according 
to the definition {𝑣𝑖|S′′(𝑣𝑖) = 0, 𝑣𝑖 ∈ 𝑓(𝑥, 𝑦) } and 𝑖 = 1, ⋯ ,4. Fig. 4 illustrated an example of using semi- automatic VPI-SP 
for double curve detection on the image (Fig. 1), with the red line indicating the detected spine curve. 

C. Experiments 

A total of 70 subjects (age: 15.9  2.7 years; 22 male and 48 female) were recruited for evaluating the performance of the 

semi-automatic method for spine curvature assessment. This study was approved by the institutional ethical committee and all 

subjects gave written informed consent prior to participation in the experiment. Each subject was scanned by the same exam-

iners with Scolioscan. Based on the collected volumetric data, VPI images were formed. For each VPI image, the spine cur-

vature was measured using manual and proposed semi-automatic VPI-SP methods by a single expert who was experienced in 

ultrasound imaging of scoliosis. Moreover, the curve number determined by the same observer was applied in the semi-auto-

matic calculation of spine curvature angle in each image. 
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Mean (± S.D.) values were calculated. Bland and Altman’s method of differences [25] was used to evaluate the agreement 

between the manual and semi-automatic methods. Linear regressions analysis was also implemented to test the relation be-

tween manual and semi-automatic results. Level of significance was accepted at P < 0.05. 

III. RESULTS 

The angle range of spine curvature using the manual VPI-SP method were 4.0° to 36.8° while the spine curvature angle 

with the proposed semi-automatic VPI-SP method ranged from 5.1° to 34.7°. As shown in Fig. 5a, the low mean difference (d 

= 0.7°) and the symmetrically distributed differences around mean difference within the limits (±1.96 SD = 6.3°) in the Bland-

Altman plot supported that there was a good agreement between the results obtained by the manual and semi-automatic meth-

ods. In addition, Fig. 5b also showed that the result obtained using the manual VPI-SP method had a significant correlation 

with the measurements with the semi-automatic method (slope = 0.96, r = 0.9, p < 0.001, Fig. 5b).  

     

Fig. 4 An example of showing semi-automatic measurement on the spine VPI image (Fig. 1): (a) the manually input points; (b) the results using semi-auto-

matic VPI-SP method,  

IV. DISCUSSION AND CONCLUSION 

The semi-automatic VPI-SP method was successfully developed for measuring spine curvature on VPI images obtained 

from Scolioscan. The proposed method obviated the manual identification of tangent lines at curve inflection points by using 

polynomial curve fitting to the manually drawn points on the spinous column profile.  In this study, a 6th order polynomial 

curve fitting was employed to manual input points for obtaining the equation of spine curve, determining inflection points of 

curve, and calculating the angle of spine curvature. The result of in-vivo experiment (slope = 0.96, r = 0.9, p < 0.001; Fig. 5) 
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suggested that there was a good agreement between the results obtained by manual and semi-automatic method for 70 subjects 

with different levels of scoliosis. The results demonstrated that the semi-automatic measurements could provide spine curva-

ture measurement with performance comparable to those by manual VPI-SP method. 

 

 (a) 

 

(b) 

Fig. 5 The comparison between the manual and proposed semi-automatic VPI-SP method for spine curvature assessment: (a) Bland-Altman plot between 

the angles measured by the manual and semi-automatic method; (b) the correlation between the angle measured by the proposed semi-automatic method and 

manual method 

The spine curvature angles derived with the semi-automatic method had a good agreement with the results suing manual 

methods in spine VPI images. However, it was noticed that the results with the proposed method were a little smaller. The 

ability of perceiving inflection points in the spinous column profile highly depended on the exercise and knowledge of observ-

ers when using VPI-SP method. Some lines drawn in manual VPI-SP method were inconsistent with tangent lines at the 

corresponding inflection points. By contrast, the inflection points were directly calculated from the spine curve obtained using 

the polynomial curve fitting to the manual input points on spinous column profile. The semi-automatic method seems to be 

more accurate to the spine curvature, characterizing the spine curvature by avoiding the estimation of position of inflection 

points. 
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There were still a few factors contributing errors of proposed method. Firstly, the manual input points were used to derive 

the spine curve equation with a polynomial curve fitting. However, the polynomial curve might be influenced by the singularity 

of the input points, especially the points located at both ends, reducing the stability of delineating spine curve on spinous 

column profile. Further studies should be conducted on how to select the input points for improving the reliability of spine 

curvature measurements. Moreover, some complicated image enhancement methods, such as total variation norm, should be 

developed to improve the detectability of spine column profile, increasing the accuracy of curve identification.  

In conclusion, the semi-automatic VPI-SP method for measuring spine curvature in the VPI image obtained from Scolioscan 

system was successfully developed in this study. This method avoided the perception of inflection points by directly delineating 

spine curve on spinous column profile, thus decreasing the difficulty in spine curvature measurements. In future, a large group 

of subjects should be involved to demonstrate the repeatability and reliability of this semi-automatic VPI-SP method for sco-

liosis diagnosis.  Further studies should also be conducted to improve the reliability of spine curve detection by developing 

automatic selection of input points and complicated image enhancement algorithms for facilitating the curve identification on 

spinous column profile. 
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