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Abstract 

Infant developmental dysplasia of the hip (DDH) is a common condition in which the ball and 

socket joint of the hip is not formed properly. Current diagnosis techniques are controversial 

and lack firm agreement between physicians. Diagnosis is based on a joint application of 

physical examination and imaging of the hip, generally by two dimensional (2D) ultrasound. 2D 

ultrasound techniques are based upon the Graf method, which has many limitations such as 

high inter/intra- observer variability and large inter-scan variability. Understanding of DDH 

may be improved by adding secondary indices such as the acetabular radius of curvature 

discussed in this thesis. With recent improvements in 3D ultrasound, there may be added 

benefit in using this technology to image infant hips for the purpose of a more reliable diagnosis. 

The 3D inStability angle introduced in the thesis has high reliability and demonstrates 

preliminary diagnostic utility for the identification of dysplastic hips.   
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CHAPTER 1 

Chapter 1 .. 

INTRODUCTION 

1.1 ULTRASOUND  

 Sound waves are longitudinal (compressional) waves which travel through a physical 

medium (usually liquid or tissue for ultrasound), in contrast to transverse waves which oscillate 

at 90˚ to the direction of travel [1]). Ultrasound in its most basic definition is any sound wave 

which has a frequency greater than the upper limit of the human hearing range (typically in the 1 

– 10 MHz range [1, 2]). Ultrasound is much different than other imaging modalities in that it 

does not use ionizing radiation (x-ray, computed tomography), which has lasting negative effects 

for the individuals it is used upon, or radio frequency energy (like MRI). 

 The first detailed experiments which indicated that inaudible sound existed were 

performed by Lazarro Spallanazi, who found that bats use ultrasound to echo-locate their 

surroundings and identify food sources. Spallanzani showed that blindfolded bats were able to 

navigate without sight, but would run into obstacles when their mouths were covered [3].  Bats 

emit a call into their environment and then listen for the echo, with the echo helping to locate 

and discern where objects in its surroundings are. Initial applications of using ultrasound and 

its reflections were similar, these first applications tried to detect objects for nautical navigation 

purposes [2]. By 1942 the use of ultrasound as a medical diagnostic tool was beginning, when Dr 

Karl Dussik attempted to locate tumors in the brain through transmissions of ultrasound beams 

in the head [3]. Ultrasound continued to develop with the  use of A-mode (amplitude) scanning; 
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A-mode scanning consists of simple one dimensional representation of the echoes along a single 

line plotted as a function of depth, tissue structures can also be depicted or tracked over time 

(motion mode or M-mode) [1, 2, 4, 5]. Brightness mode (named because the strength of the 

echoes are converted to brightness on the display), which is usually shortened to just B-mode, 

was introduced next and added an extra dimension of information over A-mode. By the 1960s 

many different variations and methods for ultrasound had been introduced, such as: continuous 

wave, pulsed Doppler, and real-time B-mode [1, 3-5]. Color Doppler entails the velocity 

information inside of the body and was introduced in the 1980s. It allowed color-coding of the 

moving parts (usually blow flow) over standard B-mode images [1, 2, 4, 5]. A recent advance 

which has wide clinical implications is 3D ultrasound (discussed in further detail in section 

1.1.5). 

 All of these advancements have allowed ultrasound to remain an integral piece of any 

clinician’s diagnostic toolset. The imaging technique consists of three main steps: (1) generating 

a sound pulse for emission, (2) receiving the sound pulse echoes, and (3) transforming the 

received echoes into an image that is discernible to a human. Ultrasound probes are designed 

cleverly to take care of steps (1) and (2), but a computer is required to take all of the information 

and convert it in step (3).  

1.1.1 THE ULTRASOUND PROBE 

 The ultrasound probe is the source of the emitted sound waves as well as the destination 

of the received echoes. The transducer is made of piezoelectric ceramic crystals (PZT – lead 

zirconate titanate) and typically the plastic polyvinylidine difluoride (PVDF) [1, 2], which 

convert electrical energy into mechanical energy during transmission and mechanical energy 

into electrical energy during receiving. Other pieces of the transducer include: damping block, 

matching layer, resonance transducers, as well as cables and plastic cases/housing shells [1, 2, 

4], see Fig 1.1.  
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Figure 1.1 Ultrasound Transducer Components. Image was adapted from [1].  

 Resonance transducers are essential to produce sound waves of adequate amplitude to 

penetrate human tissue; these pieces of the transducer convert the initial force created by the 

piezoelectric crystals into something with greater amplitude [1]. Damping blocks aid in lessening 

the purity of the resonance frequency of the device and create a broadband frequency spectrum 

that helps establish better resolution. Matching layers in transducers provide the interface 

between the transducer’s piezoelectric element and the damping block behind and (on the 

opposite side) the interface between the element and the patient’s tissue [1, 2]. This layer is 

needed as it helps to minimize the acoustic impedance differences between the transducer and 

the tissue, which allows for better penetration and maximizes power transmission into the body; 

most manufactures minimize impedance differences by constructing the damping block out of 

material with the same acoustic impedance as that of the piezoelectric element, which results in 

almost all of the energy being absorbed into the tissue [1, 2]. The element to tissue interface 
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impedance is minimized by creating a layer by means of impedance matching. Impedance 

matching involves covering the head of a transducer with a layer which has an impedance of the 

square root of the product of the element impedance and tissue impedance (see eq 1.1), this 

layer is generally a quarter-wavelength in thickness for narrow bandwidth operation and from 

several small layers for broadband transmission [1, 2].  

                       (1.1) 

Finally, good physical contact and coupling gel is used to fully minimize the remaining 

acoustic impedance differences. The transducer is then arranged into arrays, meaning the 

piezoelectric crystal is segmented into different pieces which may act independently from one 

another. Transducer arrays generally come in two main types: sequential, and phased. 

Sequential arrays typically consist of 64-512 elements with a width of around ½ λ, these arrays 

fire simultaneously and run parallel to each other, causing each element to create a single scan 

line and the image will be the exact shape of the array [1, 4]. Phase arrays typically consist of 64 

– 128 elements, with all transducer elements activated with time delays to produce an 

ultrasound beam at a given direction. By adding time delays, the beam may be steered or 

directed to regions of interest without moving the actual probe, while during the receive mode 

all elements are active to detect returning echoes [1, 4].  

1.1.2 REFLECTION AND TRANSMISSION 

 Ultrasound images of the tissues within the body are able to be visualized due to their 

differences in density and compressibility. The differences in density result in different acoustic 

impedances of materials. The relationship between density and impedance is defined in 

equation 1.2 below [1, 2, 4, 6]. 

           (1.2) 

                              

                      



5 
 

                             

As mentioned earlier, differences in impedance result in lower transmission of 

ultrasound energy, as the rest of the energy is reflected or scattered. The transmitted and 

reflected intensity of the ultrasound energy is related by equation 1.3 [1, 2, 4, 6]. 

 
    

       
 

       
 
              (1.3) 

                             

                         

                         

                         

 Equation 1.3 highlights why impedance matching is important in the ultrasound 

transducer. When large differences in impedance exist between two surfaces, most energy is 

reflected and not transmitted. Large impedance differences are why bones appear as bright 

white structures on ultrasound as almost all of the energy makes it back to the transducer to be 

converted back to electrical energy. For example, the reflection coefficient of intensity between 

muscle and bone is 0.41 (41% of ultrasound energy is reflected), and that of muscle and air is 

even higher (resulting in almost 100% reflection).  

1.1.3 REFRACTION 

 When a beam of ultrasound passes from one medium to another of different density, its 

speed will change and, depending on if the wave is incident upon the next medium, the direction 

of propagation will also change. The frequency of the ultrasound wave is constant on either side 

of the interface; however, since the speed is changing, the wavelength of the beam must also 

change by the same proportionality (as shown in eq 1.4) 

   

  
 

  

  
 (1.4) 
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When a wavefront reaches a new medium, part of the wave will reside in the old medium 

while another part will reside in the new medium; the wavecrests must be separated by a 

distance representative of the two different size wavelengths in each medium. The only way this 

situation can occur is if a discontinuity in the direction of propagation occurs [2]. The exact 

refraction and change in direction of propagation that will occur can be calculated from Snell’s 

law, as in equation 1.5 [1, 2, 4]. 

        

       
 

  

  
 (1.5) 

                                        

                      

Refraction in ultrasound can cause distortions in the image, in the same way in which 

something is partially submerged in water appears to be displaced a different distance than it is 

in reality. This can also cause losses in resolution.  

1.1.4 ATTENUATION AND RESOLUTION 

 When ultrasound travels through a single homogenous medium, its intensity decays 

exponentially with respect to the distance it has travelled, as represented by equation 1.6 [2]. 

                (1.6) 

                  

                                   

                                                  

The ultrasound intensity attenuation coefficient characterizes the losses from scattering 

of the wave due to minute changes in the uniform nature of the medium, as well as absorption 

due to heat in the tissue/medium. The rate of attenuation is highly dependent on the frequency 

and wavelength of the beam. The higher the frequency of the ultrasound beam, the faster the 

attenuation and the lower the distance of penetration. For muscle, blood, and most soft tissues  
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the attenuation is linear with respect to frequency; however, in water, bone, and a few other 

materials the attenuation increases with the square of frequency [1, 2]. 

 This would suggest that picking the lowest frequency would be ideal for using ultrasound 

in imaging; however, there is often a need to visualize small objects within the body, and 

visualizing small objects requires fine resolution. In order to increase both lateral 

(perpendicular to the ultrasound beam) and axial (parallel to the ultrasound beam) resolution, a 

higher frequency beam is required. The selection of frequency and transducer is based on this 

trade off: if you are attempting to image something deep inside the body and require high 

penetration, a lower frequency is essential; but, if you are attempting to image a small structure, 

then a higher frequency would be required.  

1.1.5 3D ULTRASOUND 

 Ultrasound images can be confusing without orientation, and it is difficult to interpret 

the underlying complexities of the 3D geometry of organs and tissues in only two dimensions.  

Consequentially it is also difficult to orient the transducer to create a true proper image in the 

required plane [7]. Since any 2D image is a limited sample of the 3D body structure obtained by 

a handheld probe, it is difficult to reproducibly create a representative 2D image of a given body 

structure at follow up exams, or in research for longitudinal studies [5]. The patient’s own 

internal anatomy or orientation may restrict the image angle, resulting in an impossible optimal 

plane. Guided therapeutic procedures are susceptible to error because the process of quantifying 

and monitoring the body’s changes over the time of the procedure are limited by the 2D 

restrictions of the conventional exam [7].  All of these issues are diminished with the use of 3D 

ultrasound.  The main benefit of the added dimension is the ability to reduce variability and to 

allow physicians to see the complex 3D anatomy of tissues, organs, and structures. Unlike MRI 

and CT which are generally slow to acquire a full set of images in a stack of parallel planes and 

have lengthy scan times, ultrasound is very quick (10-60 images per second) and is not limited 

to a stack of parallel planes for data acquisition [7]. Ultrasound has no contraindications, 
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contrast agents, or ionizing agents which makes a 3D ultrasound invaluable for patients 

ineligible for CT, MRI or other 3D imaging modalities. 3D ultrasound conceptually ought to be  

(and this thesis is a step towards proving it is) less operator dependent than 2D ultrasound and 

should have excellent reproducibility, since the ideal plane will exist within the acquired volume 

data set, meaning it can simply be manipulated to acquire this ideal orientation [8-10]. 3D 

ultrasound also introduces many orientations and planes which may be impossible to acquire 

using conventional 2D, due to patient position obstructions or other factors. The archived data 

may also be reviewed post exam by a clinician who may want to review more of the patient data 

or in a different way than anticipated at the time of scanning.  

 3D ultrasound exists in many different forms for acquisition of data, such as: freehand 

acquisition, 2D matrix arrays, and mechanical localizers [1]. Freehand acquisition is typically 

the cheapest of acquisition techniques and can be further segmented into using acoustic 

positioners, articulated arm positioners, or magnetic field sensors. 2D matrix arrays were first 

introduced in the 1990s and are capable of acquiring 3D images in real time, which is referred to 

as 4D imaging [5]. The array is a stationary square of elements which use a built in beam-former 

to electronically sweep the region of interest in two orthogonal directions (azimuth and 

elevation) which create a pyramidal shape of acquisition [1, 5]. 2D arrays have evolved from 

sparse arrays to fully sampled arrays in recent years, and in some cases are capable of producing 

clinically useful 4D images making it likely that they are the future of 3D ultrasound imaging. 

Mechanical localizer transducers are a typical 2D transducer probe in which the third dimension 

is obtained by the mechanical movement of the transducer in a precise predefined manner. As 

the transducer is moved, the 2D images are acquired at preset intervals so that the image 

sequences build an appropriate volume of interest [1, 7]. The movement is generally guided 

through one of three processes: linear, fan (tilt), or rotation (see Fig 1.2). The 3D data sets 

gathered in this thesis were acquired through a ‘tilt style’ transducer.   
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Figure 1.2 Mechanical Localizers used in 3D Ultrasound. A represents a linear transducer, B is a tilt style, and C is a 

rotational transducer. Image adapted from [3]. 

1.2 HIP DYSPLASIA 

1.2.1 DEFINITION 

 Developmental dysplasia of the hip (DDH) is a common condition with prevalence 

varying from 1.6-28.5/1000 infants [10-12]. It is characterized by a shallow hip joint in which 

the acetabulum is smoothed and does not contain the femoral head, see Fig 1.3.  
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Figure 1.3 Illustration of Hip Dysplasia. On the right hip, the force from weight-bearing is transmitted upward from 

the ground to the femoral head (F) and the head tends to slide out of the socket created by the acetabulum (A), 

requiring soft tissue structure such as the labrum to take heavy loads to preserve stability; in the left hip, the force is 

stabilized by acetabulum anatomy within the well defined socket.  

DDH includes hips that are unstable, subluxed, dislocated (luxated) and/or have a malformed 

acetabulum [13]. As the name implies, DDH is a developmental process where the results of the 

clinical exams may change and progress. Also it is important to note that the commonly used 

misnomer Congenital dislocation of the hip (CDH) is sometimes used interchangeably with 

DDH, but is more appropriately used for children who have “permanently displaced hips” which 

were diagnosed late and occurred prenatally, usually after they had started to walk [13, 14]. 

1.2.2 PELVIS ANATOMY 

 The hip joint is based on a ball (the femoral head) and socket (the acetabulum) joint. 

During embryonic development, the femoral head and acetabulum begin from the same block of 

cartilage and then develop as a result of genetics and loading [13]. Hip dysplasia is based on the 

interaction of these two bones, while several others, such as the os ischium, are important 
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landmarks for visualization in ultrasound screening. Select bones can be seen identified in Fig 

1.4. 

 

Figure 1.4 Infant Hip Radiograph with important bones labeled. 

The infant and adult pelvis are very different as many of the bones are not fully formed. 

Especially during the final 4 weeks of pregnancy, mechanical forces have a role in bone 

remodeling [13]. When the femoral head is not properly contained in the acetabulum, the socket 

does not grow and remodel correctly, and this is a main factor in the acetabulum becoming more 

shallow [13]. The labrum begins to take on extra forces and stresses in order to compensate for 

the acetabulum’s lack of stability.  

1.2.3 DIAGNOSIS 

 Risk factors for DDH include positive family history, race, firstborn child, breech, and 

female gender [11, 15-17]. The higher incidence in girls may be due to their extra susceptibility to 

the maternal hormone relaxin, which can cause ligamentous laxity with the resultant instability 

of the hip [13, 18]. Asymmetric thigh creases, gluteal folds, apparent limb length discrepancy, 
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and restricted motion are significant but do not mean that the infant has hip dysplasia. As a 

result the examiner should look for these signs, but not rely upon them for diagnosis [16].  

 Screening consists of initial applications of the Barlow and Ortolani tests [13], which test 

the stability of the hip within the socket. A positive test is indicated by the presence of a 

‘clunking’ noise or sensation. For the Ortolani test, a clunk represents the femoral head being 

reduced into the acetabulum as the hip is adducted while lifting the leg anteriorly when the hip 

is flexed 90˚.  Clunking in the Barlow test is indicative of the femoral head exiting the 

acetabulum posteriorly when pressure is applied on the knee posteriorly. By 8-12 weeks old, the 

Barlow and Ortolani maneuvers are generally no longer positive regardless of that status of the 

femoral head due to the decrease in capsule laxity and increasing in muscle tightness [15, 16]. 

Additionally, some malformations of the acetabulum and/or severe dysplasia cannot be detected 

by these clinical exams and must be visualized with an imaging technique. Thus, after or instead 

of the initial clinical tests the infant may be sent for an ultrasound scan to determine if the hip is 

dysplastic. Other diagnostic imaging performed may be an x-ray, which is of limited utility until 

the infant’s age is above 6 months [15], since the infant’s bones are not completely ossified and 

therefore are unable to be visualized fully. Although all of these methods may be used by a 

clinician to diagnose DDH in early infancy, there is no consensus on how to provide a definitive 

diagnosis. This is especially true during the first 8 weeks of life, as it has been suggested that 

abnormal clinical and sonographic findings may resolve spontaneously within this age group 

[12, 18, 19]. Additionally, the diagnostic utility of imaging has yet to be fully established in DDH 

as they are fraught with false-positive and false-negative results [18, 20]. Despite this, real-time 

ultrasonography has been established as an accurate method for imaging the hip during the first 

few months of life [12, 15, 21]. Clinical ultrasound tests generally follow the principles laid out by 

Graf in his 1984 paper [21], as well as dynamic testing in the Harcke method [22]. ACR-AIUM 

guidelines recommend that hospitals perform imaging in two views, coronal view (in the 

standard plane) and a transverse view of the flexed hip; the transverse view should be performed 
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with and without stress to assess stability of the hip [15]. In the Graf method, the standard 

coronal plane image must be achieved; this standard plane must contain a flat iliac wing, clear 

labrum, round femoral head, and the presence of the os ischium. DDH is generally quantified on 

ultrasound by the acetabular alpha (α), and beta (β) angles, as well as total femoral head 

coverage (Fig 1.5).  

 

Figure 1.5 Standard Graf Coronal Plane shown with the required standard landmarks in a high quality image are 

shown (flat iliac wing, os ilium, os ischium, round femoral head), as well as alpha angle (α), beta angle (β), and 

coverage (measured as C1 line length/C2 line length) 

1.2.4 TREATMENT 

 Untreated DDH is associated with premature osteoarthritis [23] and can account for up 

to 30% of hip replacements in patients younger than 60 years old [24]. Some advocate 

treatment within the first 8 weeks [12]; however, due to the spontaneous resolving nature of 
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some cases, others suggest surveillance or no follow up [18]. If there are abnormal ultrasound 

findings or clinical exam issues past 8 weeks, then a referral to an orthopedic surgeon is strongly 

recommended. Orthopedic surgeons will begin treatment with a Pavlik harness if the infant is 

less than 6 months old [25] or another type of flexion-abduction-external rotation harness, 

splint, or cast [13]. The Pavlik harness, named for Arnold Pavlik, has been in use since 1950 and 

achieves suitable flexion of the hips as well as nonviolent unforced abduction of the hips with 

simultaneous facilitation of movement in the hip joint. This results in spontaneous 

centralization of the femoral head in the acetabulum [26]. An example of an infant within the 

Pavlik harness can be seen in Fig 1.6. 

 

Figure 1.6 Infant secured in a Pavlik Harness. 
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 There are varying opinions on the exact duration of flexion harness treatment in DDH, 

with recommendations ranging from 21 days [27] to 6 months [28]. The Pavlik harness boasts a 

95% success rate overall [29], with most failures occurring in dislocated hips or older patients 

[30]. Graf category III hips (α < 43˚, subluxed hip) are successful in 97% of cases, while Graf IV 

(α < 43˚, dislocated hip) category successes occur only 50% of the time [25]. Complications from 

the Pavlik harness are minimal with the main risk being avascular necrosis (AVN) due to 

hyperabduction, but this affects only 1% of patients [12]. When harness treatment fails, or the 

patient is older than 6 months, treatment is moved onto surgery and/or the infant is placed into 

a spica cast [25]. The less invasive corrective method is a closed reduction which aims to release 

the adductor tendon. Once the tendon is released pressure is taken off the soft surfaces of the 

hip and the femoral head remains in the socket more easily. The hip is then physically 

manipulated into the best possible position within the socket and the child is put into a spica 

cast to keep the newly aligned positions while the joint heals, all while under anesthesia [31].  

The more invasive form of reduction is referred to as an open reduction. This entails surgically 

removing obstacles to reduction, such as the labrum, while at the same time lengthening 

tendons and tightening the capsule [32]. Like the closed reduction, the infant is placed into a 

spica cast to retain positioning while the joint heals after surgery [33]. In older patients or more 

severe cases, osteotomies of the femur or pelvis may be required, with a range of bone reforming 

techniques used, depending on the exact bone deficiency [13, 14, 34-38].  

1.3 THESIS SCOPE 

 As mentioned, there is currently no consensus on the method to screen for DDH. Clinical 

and diagnostic imaging exams lack sensitivity and are fraught with false-positive results. DDH is 

a condition for which screening could be highly appropriate as the condition is common and 

treatments are highly successful if detected in infancy, while the morbidity from the potential 

hip osteoarthritis which may develop later in life is substantial. The most common current 
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screening modality, 2D ultrasound, has high inter/intra observer and scan variability. 3D 

ultrasound probes can now acquire images rapidly enough for scans to be feasible on even the 

most uncooperative squirming infants. This thesis contains methods intended to illustrate the 

current intrinsic flaws of 2D ultrasound techniques on DDH (chapter 2), while proposing 

alternative indices to improve on current methods (chapter 3), as well as novel techniques to 

generate 3D indices intended to quantify the severity of DDH (chapters 4 and 5).  The final 

chapter (chapter 6) of this thesis contains information on future directions as well as general 

discussions and conclusions formed from the rest of the chapters.   
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CHAPTER 2 

Chapter 2 .. 

POTENTIAL FOR CHANGE IN ULTRASOUND DIAGNOSIS OF HIP 

DYSPLASIA DUE SOLELY TO CHANGES IN PROBE ORIENTATION: 

PATTERNS OF ALPHA ANGLE VARIATION REVEALED USING 3D 

ULTRASOUND1 

2.1 INTRODUCTION 

 The most widely used index for evaluation of DDH is the acetabular alpha angle, 

measured by using the Graf method [1] on a standardized two-dimensional (2D) coronal image 

(see Fig 1.5). The Graf ultrasound criteria are intended to standardize the plane in which 

imaging is performed. With the Graf method, a hip with an alpha angle greater than 60˚ is 

classified as normal, a hip with an alpha angle from 50˚ to 59˚ is classified as having mild 

dysplasia, a hip with an alpha angle from 43˚ to 49˚is classified has having moderate dysplasia, 

and a hip with an alpha angle of less than 43˚ is classified as having severe dysplasia (this 

information is summarized in Table 2.1). 

 

 

 

                                                        
1A version of this Chapter has been accepted for publication in Radiology – Jaremko JL., Mabee 
M, Swami VG, et al. Potential for change in the US diagnosis of hip dysplasia solely caused by 
changes in probe orientation: Patterns of alpha-angle variation revealed by three-dimensional 
US. Radiology 2014 (in press). © Radiological Society of North America. 
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Table 2.1 Categories of Hip Dysplasia by Alpha Angle 

 Normal Mild Dysplasia Moderate 

Dysplasia 

Severe Dysplasia 

Alpha Angle 60˚ 50-59˚ 43-49˚ <43˚ 

 

 Diagnosing dysplasia requires combining clinical and imaging assessment, and, in 

current practice, quantifying the imaging component relies heavily upon the value of the alpha 

angle. The alpha angle is subject to wide variability of two main types: interscan and 

interobserver [2-6]. Interobserver variability is easily quantified: two people measuring the 

alpha angle differently on the same 2D US image. Inter scan error is more difficult to analyze. 

Because the US probe is handheld, each scan inevitably is obtained with the probe and patient 

oriented differently, which, because of the complex three-dimensional (3D) acetabular shape, 

results in images showing different alpha angles. Quantification of alpha-angle variability due to 

probe orientation in live patients or in dysplastic hips has not been well established in the 

literature. This variability is important because it could lead to misdiagnosis of DDH. Missed 

cased of DDH are particularly concerning because DDH is usually easily treated conservatively if 

diagnosed in infancy [7], whereas a later diagnosis is associated with more invasive treatments 

and lower success rates [8]. To avoid this problem, clinical practice often includes follow-up US 

until initially borderline hips definitely appear normal, which comes with associated costs and 

parental anxiety, or routine over treatment until hips normalize. The poor diagnostic accuracy of 

current US of the hip may account for its lack of beneficial effect on patient care, with rates of 

late DDH diagnosis or surgery not reduced by using universal or selective US, compared with 

rates of clinical screening alone, despite higher treatment rates [9]. 

By using 3D ultrasound, the entire acetabular shape can be acquired in a single scan, and 

the effect of differences in 2D probe orientation can be explored by viewing sections cut along 
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different planes through the 3D data. Compared with obtaining repeated 2D measurements, this 

approach has the advantage of holding all variables constant save for the 2D section orientation, 

allowing the effects of this orientation to be evaluated independently. The purpose of this study 

was to use 3D US to quantify the range of interscan variability in alpha angle caused by changes 

in 2D US probe orientation.  

2.2 MATERIALS AND METHODS 

 This prospective study was approved by the University of Alberta Health Research Ethics 

Board (Biomedical Panel, Pro00032107). Imaging was performed at a tertiary pediatric hospital 

from October 2012 to November 2013. At the first routine clinical 2D US of the hip in each 

patient, written informed consent was obtained from a parent to add 3D US of the hip at the 

same visit. The imaging indication was clinical suspicion of DDH because of laxity at 

examination, asymmetric hip creases, or other risk factors such as a family history of a positive 

finding for DDH. Because dysplasia can be unilateral or bilateral, we included each hip 

separately. Considering only the 3D scans showing the entire range of planes necessary for this 

study, we had 56 hips in 35 patients, and 26 (74%) of them were female. Patients underwent US 

at the mean age of 41.7 days (range, 4-112 days; for female infants, mean age was 38.7 [range, 6 

– 112 days]; for male infants, mean age was 50.2 days [range, 4 -111 days]). They received 

routine care at a pediatric orthopedic clinic from one or more of five clinic surgeons who were 

blinded to 3D US images and findings. We observed clinical care for at least 6 months to classify 

each imaged hip as normal at the first orthopedic assessment (category 0; n = 20), questionably 

abnormal initially but with findings that resolved spontaneously at follow-up imaging and 

clinical examination (category 1; n = 23), or dysplastic and requiring treatment by using a Pavlik 

harness and/or surgery (category 2; n = 13). 

2.2.1 IMAGING 



23 
 

 All imaging was performed by using platforms (Philips iU22; Philips Healthcare, 

Andover, Mass). We performed conventional 2D US in both hips by using a 12-MHz linear 

transducer, including static coronal imaging in the Graf standard plane and axial dynamic 

imaging to assess for hip stability by using our usual protocol. Two-dimensional US images were 

interpreted by a pediatric radiologist, with results and images made available to referring 

clinicians. In addition, two study team members, including a radiologist, technologist, or 

medical or graduate student trained by the study radiologists, used a high-resolution 13-MHz 

3D linear (13VL5; Philips Healthcare, Andover, Mass) transducer in the coronal orientation to 

obtain a 3D US data set at each hip. With this transducer, we performed a 3.2 second automated 

sweep through a range of ±15 degrees to generate a 3D data set of 256 US sections that were 0.13 

mm thick, each containing 411 X 192 pixels measuring 0.11 X 0.20 mm. These 3D scans were not 

released for use in clinical treatment.  

2.2.2 IMAGING PROCESSING 

 Images were analyzed off-line by using custom software (MATLAB R2010a-2012; 

MathWorks, Natick, Mass) that allowed viewing of 3D US images followed by markup of points, 

lines, and curves replicating the functionality of standard cardiac magnetic resonance imaging 

workstation analysis of features such as ventricular contours. The major obstacle to performing 

this analysis was the proprietary 3D data file format. A key function of the custom software was 

to extract manufacturer-specific pixel spacing information from the 3D US Digital Imaging and 

Communications in Medicine (DICOM) data. For each hip, the relevant anatomic contours were 

traced (acetabular rim, femoral head cartilage surface, os ischium) on the original 3D US data 

set by using a customized semi-automated interactive interface that allowed contours traced on 

selected sections to be interpolated to intervening sections, then reviewed and corrected by 

using a nudging tool. A 3D model then was generated for each structure by creating a patch 

surface connecting the traced and interpolated contours (Fig 2.1). 
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Figure 2.1 Generation of a 3D hip surface model from 3D US images. (a) The surfaces of the femoral head, ilium, 

and os ischium are traced on sections of 3D data at regular intervals and interpolated into the intervening sections, 

with adjustments made manually by nudging contours that do not match underlying anatomy into optimized 

position. (b) Resulting surface model demonstrating the complex 3D anatomy of the acetabulum (structure at left). 
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 The training process involved initial combined review of anatomy on multi-plane and 

3D-reformatted computer tomographic scans of a normal infant pelvis and a physical model of 

this pelvis generated by a 3D printer. This process was followed by a preliminary trials in which 

surface models from 3D US were traced by both observers in 15 hips in eight patients ranging 

from normal to severely dysplastic, separate from the final study, and consensus review of 

models produced by two observers to ensure anatomically appropriate appearance. Tracings in 

the final study were reviewed and approved by a radiologist.  

 As a reference orientation, we required an initial central plane located in the middle of 

the acetabulum in each patient. We generated this central plane in a simple way from two 

landmarks located on the acetabulum bone. The observer located the corner point of the 

acetabular angle in the most anterior and posterior sections in which this angle could be 

defined, points A and P on Figure 2.2. 
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Figure 2.2 Model demonstrating the central plane and rotated planes. (a) Central plane is obtained through the 

middle of the acetabulum as the plane perpendicular to the line joining the corner points of the most anterior (A) and 

posterior (P) positions in which an acetabular angle can be drawn at the midpoint (M) of this line. (b) Planes were 
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cut at angles rotated from the central plane at 5° intervals in axis 1, representing probe tilt around a craniocaudal axis 

(ie, rotating the base of the transducer from the table toward the ceiling). (c) Planes were similarly cut at 5° intervals 

around a transverse axis (axis 2), representing probe tilt as if twisting the transducer around a line joining the two 

hips. 

This central plane then was generated automatically perpendicular to the midpoint of 

line A-P (Fig 2.2). Three-dimensional data were resampled along this plane to produce the 2D 

US image that would result from a 2D probe placed in exactly that location and orientation. 

From this reference central plane, 2D US images were extracted along orientations rotated in 5˚ 

increments from -50˚ to 50˚ away, as if slowly rotating a 2D US probe. Images were produced 

by rotation around axis 1 oriented cranio-caudally (Fig 2.2b) and axis 2 oriented transversely 

between hips (Fig 2.2c). 

 Each of the resulting 21 images obtained at 5˚ increments of probe orientation for each 

axis were reviewed for quality by two observers (a radiologist with dual pediatric and 

musculoskeletal fellowship training and 10 years of imaging experience, and the author of this 

thesis). Image quality was scored on the basis of the number of major Graf standard plane 

criteria met (maximum, four): flat horizontal iliac wing, labrum visible, os ischium present, and 

midportion of femoral head visible. As a nearly spherical structure, the midpoint of the femoral 

head is best determined by observing that the image saved is that in which the head has the 

largest possible radius. We rated the femoral head acceptable on an image if it was plausible 

from review of that image that the middle one-third of the femoral head was included, 

regardless of whether other 3D US images of the region (which would not be available to a 

radiologist reporting 2D US findings) might show a larger femoral head radius. Only 18% (428 

of 2352) of the images reviewed had a quality score of 4 from both observers. On each of these, 

the observers separately measured the alpha angle between acetabular roof and iliac lines, and 

these observers were blinded to the alpha angle measured on other images of that hip, as well as 

to each other’s work and to clinical data. For intraobserver variability, the alpha angle was 
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remeasured by the same observer on each of the 118 images obtained in this fashion in a subset 

of 15 hips, 1 month after the initial reading session, and this observer was blinded to the 

previously measured alpha angles.  

2.2.3 STATISTICAL ANALYSIS 

 Descriptive statistics were recorded as the mean ± standard deviation. We computed 

differences in alpha angles between observers and between observations at various plane 

orientations. We characterized variability in alpha angles as the upper limit of agreement in 

these tests [10]. For interobserver variability (assessment of the same image by different 

observers), this was the same as the repeatability coefficient (1.96 multiplied by the standard 

deviation), as also measured by Gwynne Jones et al [5], whereas for interscan variability, this 

was the mean difference plus 1.96 multiplied by the standard deviation (i.e., the upper limit of 

the 95% confidence interval [CI] for the alpha angle). Interobserver variability was assessed by 

using mean difference and intraclass correlation coefficients calculated by using a two-way 

mixed effects model. We used univariate analysis of variance to compare means in dysplastic 

and normal hips. Statistics were calculated with software (SPSS 20; SPSS, Chicago, Ill).  

2.3 RESULTS 

2.3.1 SECTION ORIENTATION 

 In all 56 hips, at least one image had an acceptable quality score of 4. The mean ± 

standard deviation of simulated probe orientations providing images with a quality score of 4 

was 24˚+/- 10˚ in axis 1 (maximum, 45˚) and 23˚ +/- 8.4˚ in axis 2 (maximum, 40˚). The 

image with the central plane had a quality score of 4 in 38 (68%) of 56 hips and was within a 10˚ 

rotation from an image with a quality score of 4 in 50 (89%) of 56 hips. 

2.3.2 VARIABILITY OF ALPHA ANGLE WITH SECTION ORIENTATION 

 The alpha angles recorded at each hip by the radiologist across all images with a quality 

score of 4 varied by a mean of 6.9˚ +/- 4.8˚ in different probe orientations along axis 1 (range, 
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0-21˚), 10.8˚ +/-7.1˚ in axis 2 (range, 0-31˚); combining both axes the angles varied by a mean 

of 13.9˚ +/- 7.1˚(upper limit of 95% CI, 28˚). Ranges were similar for observer 2. The proportion 

of this variability occurring for alpha angles greater than 60˚ may not be clinically relevant 

because those angles are considered normal. When we considered any measured alpha angle 

greater than 60˚ to being equal to 60˚, the remaining variability was 5.5˚ +/- 6.9˚ (range 0-24˚; 

upper limit of 95% CI, 19˚) across the two axes. For nearly all hips and all axes, changes in 

virtual probe orientation produced 2D images showing visually substantial variation in the 

acetabular shape corresponding to the numerical variation in alpha angle. For example, the hip 

in Figure 2.3 had alpha angles measured at 52˚ - 70˚ on images with a quality score of 4, 

depending on the section orientation, an 18˚ range that was slightly higher than the mean range 

of 13.9˚. 

 

Figure 2.3 Effect of probe tilt in two axes. Top: A and B, 3D US images obtained on cut planes 25° apart along axis 

1. Top right, Illustration of acetabular model shows cut planes A and B. Bottom: C and D, US images obtained on 

cut planes 20° apart along axis 2. Bottom right, Illustration of 3D acetabular model shows cut planes C and D. 
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Image C shows a trace of curvature at the junction of the iliac wall and acetabular roof, rather than this being the 

junction of two perfectly straight lines; the os ischium is more clearly defined in A and C than in the other images, 

and the femoral head is perhaps best seen in B or D, but, in our experience, each image potentially could be accepted 

in real-world clinical practice. These images demonstrate an overall range of alpha angle variation of 18° (52°–70°), 

which was typical in our data. In this hip, the images were in one of two possible diagnostic categories (normal or 

mildly dysplastic). The hip was assessed as having findings inconclusive for dysplasia at initial clinical and 2D US 

examination and was assessed as normal at follow-up without treatment (category 1). Note that the 3D US images 

were not released to clinicians and had no role in treatment. 

 To assess the clinical significance of this variation, we considered whether observed 

differences in alpha angle caused by simulated probe orientation led to a change in the Graf 

diagnostic category. Considering only 3D US images with a quality score of 4, 26 (46%) of 56 

hips had images with findings within only one Graf category; 20 (36%) of 56 hips had images 

with findings in two Graf categories (Fig 2.4); nine (16%) of 56 hips had images with findings in 

three Graf categories (Fig 2.5); and one (2%) had images with findings in all four Graf 

categories. 
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Figure 2.4 US scans in the right hip of a 19-day-old girl show findings crossing two Graf diagnostic categories 

because of probe tilt. The images extracted along rotated cut planes from a single 3D US scan show alpha angles 

ranging from 48° (image B) to 65° (image A) (ie, moderately dysplastic in B to normal in A), depending solely on 

probe tilt. Clinically, findings in this hip were considered borderline (category 1) at initial visit and normalized 

eventually at follow-up 

 

Figure 2.5 US scans in left hip in a 3-month-old girl show findings crossing three Graf diagnostic categories because 

of probe tilt.The images from cut planes in a single 3D US scan across a 25° range of probe tilt show a grossly 

abnormal hip with severe acetabular rounding and alpha angles varying from 36° to 60°. Note that the os ischium is 

seen poorly on the image best showing the midportion of the femoral head (a) and is more clearly visible on image 

c, where the femoral head is obscured partly by artifact from the greater trochanter, suggesting that the femoral head 

is probably subluxed. Pavlik harness treatment was unsuccessful, and treatment included spica casting. Reporting 

the finding as a normal 60° alpha angle in this case would have led to incorrect characterization of this obviously 

dysplastic hip. 

 Changes in diagnosis were significantly more common at younger ages: Findings on 

images in 18 (72%) of 25 hips scanned in infants younger than 31 days were classified in two or 

more Graf categories versus findings on images in just nine (29%) of 31 hips scanned in older 

infants (P = 0.002). 

2.3.3 VARIABILITY OF ALPHA ANGLE BETWEEN AND WITHIN OBSERVERS 
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 Four hundred twenty-eight images had a quality score of 4 and were of acceptable 

quality in 56 hips. In these images, interobserver variation in alpha angle was a mean of 0.1˚ +/- 

5.1˚ (repeatability coefficient, 10˚; coefficient of variation, 0.048). The intraclass correlation 

coefficient was 0.89. Alpha angles recorded by the two observers were within 5˚ and 10˚ of each 

other in 73% and 97% of cases, respectively. Intraobserver variability was lower, with the mean 

difference between alpha angles of 1.8˚ +/- 3.7˚ (repeatability coefficient, 7.4˚) and 

measurements within 5˚ and 10˚ of each other in 82% and 96% of cases, respectively.  

2.3.4 NORMAL VERSUS DYSPLASTIC HIPS 

 We observed clinically normal hips that appeared dysplastic in some planes (Fig 2.3) and 

clinically dysplastic hips that had normal 60˚ alpha angles in certain planes, either with the 

acetabular contours appearing grossly abnormal (Fig 2.5) or essentially normal (Fig 2.6). 
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Figure 2.6 US in left hip in a 6-day-old girl shows that a dysplastic hip can appear normal, depending on probe 

tilt.The images from cut planes in a single 3D US scan show alpha angle variation from 52° to 61°. Other images 

lacking only the os ischium had alpha angles as low as 48°. Image at left is within normal limits. The hip was judged 

clinically dysplastic and normalized with treatment with a Pavlik harness. 

 The alpha angles we observed at 3D US, averaged from acceptable images across all 

simulated probe orientations in both axes, clearly indicated (P < 0.001) clinical diagnostic 

categories: 3D US images in dysplastic hips requiring treatment (category 2; n = 13) had a mean 

alpha angle of 49.5˚ versus that in images in initially borderline hips requiring follow-up but no 

treatment (category 1; n = 23; mean angle, 63.2˚) and that in images in hips not requiring 

treatment or follow-up (category 0; n = 20; mean angle, 71.4˚) (Fig 2.7). 
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Figure 2.7 Point estimates show differences in alpha angles according to clinical diagnosis (Dx). Points = mean 

values, error bars = 95% CI of the mean for the alpha angles in all acceptable (quality score 4) images in each hip 

across all studied probe orientations, 0.0 = normal, 1.0 = hips with initially inconclusive findings but that normalized 

at follow-up, and 2.0 = dysplastic hips. Mean values differed significantly (P < .001) between each category. Note 

that the normal hips had mean alpha angles substantially higher than the traditional threshold of 60° for detection of 

DDH, whereas even the hips that were rated as having inconclusive findings on the basis of 2D US and clinical 

assessment but that ultimately were determined to be normal had mean alpha angles slightly greater than 60° when 

all acceptable 3D US images were considered. 

2.4 DISCUSSION 

 We used normal 3D US technology in infants with normal and dysplastic hips to examine 

the potential alpha angle inter scan variation solely caused by US probe orientation. Our most 

important finding was that changing probe orientation altered the alpha angle enough to lead to 

a change in more than one-half of the imaged hips overall and in nearly three quarters of hips 

imaged in patients younger than 1 month. We also found that a high-quality image satisfying 

Graf criteria could be obtained at orientations varying by an average of 24˚, or in some patients 

by as much as 45˚, in each axis. This finding means that the sonographer often has a relatively 

wide range of probe positions in which acceptable images can be generated and must rely on 

skill and experience to select the best image to save within this range. The interscan variability 

of alpha angles measured on 2D US images in those different probe orientations was substantial 

(upper limit of 95% CI: 19˚, 28˚) and higher than interobserver variability (repeatability 

coefficient, 10˚). DDH diagnosis from the alpha angle measured on a standardized 2D US image 

is based on the assumption that this is a unique clinically representative image (i.e., that if any 

trained individual performs US in that hip that day, any image obtained containing appropriate 

landmarks will have similar acetabular contours and alpha angle). The risk of misdiagnosis and 

overtreatment because of incorrect probe angulation is a recognized hazard of 2D US, with Graf 

et al [11] even advocating use of a probe guide-frame system to avoid tilt. Still, to our knowledge, 



35 
 

investigations in only one previous study directly assessed the effect of changes in US transducer 

angle on alpha angle measurements [12]. They used ex vivo 2D US in five infant cadaver hips in 

a water bath and showed that the alpha angle in a normal hip could vary from 48˚ to 65˚ (i.e.  

from moderately dysplastic to normal) by changing probe position. Our 3D US study results 

help confirm these findings in vivo and demonstrate that dysplastic hips can be shown to have 

normal 60˚ alpha angles in probe orientations producing images that still meet Graf standard 

plane criteria. The range of alpha angle variability in our study compares well with data in that 

study, with an upper limit of agreement of 19˚ versus a range of 17˚ in their study [12]. 

 The 19˚ upper limit of agreement of interscan variability reported here is greater than 

the approximately 8˚ reported in a larger clinical study [4]. This finding is expected because we 

included all US images in each hip that met Graf standards, whereas in clinical practice, 

sonographers are trained to move the probe through a range of orientations to select the best 

image of the hip, with the steepest possible alpha angle, deepest acetabular fossa, and largest 

femoral head radius of all possible images meeting Graf standards. A sonographer typically 

would not select an image at the margins of the acceptable range of probe orientations. 

However, in a squirming, crying infant, even the most experienced sonographer has a limited 

opportunity to truly to assess all possible imaging planes with the probe. The hazard for the 

interpreting radiologist or surgeon is that the image may be of diagnostic quality but not actually 

represent the best image of the acetabulum that could have been obtained. Our study results 

demonstrate the wide possible range of interscan variability in alpha angle measurement. 

Careful sonographer training and experience, and thorough radiologist assessment of other 

factors such as acetabular rounding, coverage, and dynamic hip stability, are critical to minimize 

the practical effect of this variability, particularly in the youngest infants. This is especially true 

given the relatively high superimposed interobserver variability in alpha angle measurement 

once an image is obtained. The reliability of US diagnosis of hip dysplasia is likely considerably 

greater in clinical practice, when the alpha angle, acetabular coverage, acetabular morphology, 
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and hip stability are assessed together, than when the alpha angle alone is used for diagnosis. 

Testing this reliability was outside the scope of our study, which focused on the limitations of 

basing diagnosis primarily on the alpha angle. 

 We did not assess acetabular coverage formally in this study. Our preliminary testing of 

this index showed an even wider range of variation with plane orientation than the alpha angle, 

as expected, because this index involves the 3D geometric relationship between two bones 

(femoral head and acetabulum) rather than only the shape of the acetabulum. 

 Although the alpha angles differed significantly between dysplastic and normal hips in 

our study, it is evident from our analysis that there are intrinsic flaws in using the 2D Graf 

standard plane as a diagnostic method for DDH. Simply by rotating the US probe, the 

sonographer could change the diagnostic category for more than one-half of the hips in this 

study by at least one, and often two, levels (eg, from normal to moderately dysplastic). Because 

the image on screen still appears diagnostic, and there is no record of the position of the 2D US 

probe, this error invisibly degrades the accuracy and reliability of 2D US assessment of DDH. 

Conceptually, 3D US of DDH could reduce or eliminate this error by removing dependence on 

the specific plane of image acquisition.  

 Three-dimensional US ideally would allow firm diagnosis of every hip as normal or 

dysplastic at the initial scan. Although our study was not designed or powered to define these 

diagnostic thresholds in 3D US, hips classified in different diagnostic categories showed 

substantially different mean alpha angles across all 3D US imaging planes. We expect that 

diagnostic accuracy of US for DDH could be improved in the future by considering this 

additional acetabular shape information available from 3D US, both visually and by measuring 

alpha angles and novel indexes being developed (discussed later in this thesis).  

 Our study had limitations. As a pilot study, the sample size was relatively small, and 

some of our earlier scans included a range of the acetabulum too narrow to be included; 

however, our data set demonstrates the full range from normal to severely dysplastic hips. The 
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clinical diagnoses and treatment decisions were made by one of five orthopedic surgeons on the 

basis of their own experience and preferences, and they were not validated by any external 

reference standard. However, this situation represents typical clinical practice, and our 

conclusions regarding the variability of US measurements do not depend on the specific 

diagnosis in each patient. The follow-up interval was relatively short at 6 months, but this is the 

most clinically important period because the decision to begin treating DDH is generally within 

weeks of initial assessment. The probe movements we assessed in 3D data were limited to pure 

rotation in one of two planes, and we did not consider combinations of two rotations or rotation 

and translation. These assessments would have been challenging to perform mathematically, 

and although they might have revealed further increased variation in alpha angles, they would 

not alter our conclusion that this variation is an important hazard of 2D US assessment of DDH.  

 We found that 3D US of the infant hip is feasible and images can be analyzed 

quantitatively. After an initial flurry of studies in the 1990s [13-16], 3D US was not pursued in 

hip dysplasia assessment. Those early reports describe slow manual sweeps to produce scans 

and cumbersome post-processing. The probe we used can help obtain a 3D scan in 3.2 seconds 

with less difficulty in position than in 2D US. In our experience, almost all infants are able to 

stay still for this brief time, especially if distracted by toys, sucrose, a warmed blanket, and 

warmed US gel. Computer analysis time per hip is less than 10 minutes. As technology advances, 

3D scanning and analysis times probably will continue to shorten, potentially further improving 

the practical application of this technology in the future.  

2.5 CONCLUSION 

 By using 3D ultrasound data sets, the 2D acetabular alpha angle was shown to vary by an 

average of 5.5˚ +/- 6.9˚ (mean +/- SD; range 0-24˚; upper limit of 95% CI, 19˚) simply by 

changing the apparent transducer probe orientation. This variation caused the diagnostic 

category to change in more than one-half of the imaged hips overall and in nearly three quarters 
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of hips imaged in patients younger than 1 month. Some hips which were classified as normal 

were able to appear dysplastic, and hips classified as dysplastic were able to appear normal. 

These results draw attention to the inadequacies of using current 2D ultrasound methods and 

indices (specifically relying upon the alpha angle for diagnosis), and it is evident that new 

methods and techniques are needed to resolve current shortfalls.  
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Chapter 3 

Chapter 3 .. 

ULTRASOUND QUANTIFICATION OF ACETABULAR ROUNDING IN HIP 

DYSPLASIA: RELIABILITY AND CORRELATION TO TREATMENT 

DECISIONS2 

3.1 INTRODUCTION 

The problems of current ultrasonographic diagnosis methods in infant hip dysplasia, 

such as the high inter observer and inter scan variation [1] of the alpha angle [2] or the high rate 

of “abnormalities” which spontaneously resolve upon follow up imaging [3, 4, 5], are convincing 

evidence that improvements would be beneficial. There would be direct improvement by 

including more useful secondary ultrasound indices which can entail information on the 

acetabulum, especially given ultrasounds ability to fully visualize the hip [6]. One potentially 

helpful step would be to quantify acetabular rounding. Rounding is a visually obvious aspect of 

acetabular deformity that is currently only informally assessed by radiologists and pediatric 

orthopedic surgeons, with no numeric index of rounding available.  Therefore, we developed 

semi-quantitative and quantitative indices of acetabular rounding and assessed their reliability.  

Since rounding is visually obvious and already subjectively assessed in treatment decisions, it is 

not possible to blind observers to its presence and difficult to isolate its clinical impact.  We 

                                                        
2 A version of this chapter has been accepted for publication Ultrasound in Biology and Medicine 
– Cheng E, Mabee M, Swami VG, et al. Ultrasound Quantification of Acetabular Rounding in 
Hip Dysplasia: Reliability and Correlation to Treatment Decisions in a Retrospective Study. 
Ultrasound in Biology and Medicine 2014 (in press). 
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focused on creating novel indices to measure rounding and noted whether they were correlated 

to the decision to treat for hip dysplasia.  

3.2 MATERIALS AND METHODS 

3.2.1 PATIENTS 

This retrospective image and chart review was approved by our institutional ethics 

committee, with requirement for consent waived. Consecutive infants referred to a tertiary 

pediatric orthopedic clinic by primary care physicians or neonatologists for possible hip 

dysplasia with available ultrasound imaging and clinical follow-up averaging 32.2 months 

(range: 11.0 – 86.6 months) were included.  We used the initial ultrasound of the hip of clinical 

concern in each patient (selecting one side randomly if concern was bilateral), saving the image 

most closely matching the Graf standard plane and removing patient identifying information. 

Age at ultrasound averaged 6.8 weeks (range: 2 days – 8.1 months).  Hips were categorized from 

clinical records as: (0) normal and patient discharged (n=22); (1) initially indeterminate but hip 

normalized at follow-up without treatment (n=5); (2) dysplastic hip treated with Pavlik harness 

or similar external brace (n=30); (3) dysplastic hip treated by surgical reduction and spica 

casting and/or osteotomy (n=33).   

3.2.2 INDEX MEASUREMENT 

 We performed several reading exercises. Although acetabular morphology was 

unavoidably visually obvious in each image, for each reading exercise the observers were blinded 

to each other's results, the clinical treatment group, and calculated index values.   

A semi-quantitative “rounding grade” in which the rounding of the acetabular margin 

was characterized as “minimal” (0), “mild” (1), “moderate” (2) and “severe” (3) was recorded for 

each hip by three observers: a board-certified pediatric radiologist with pediatric and 

musculoskeletal imaging fellowships (JJ), an engineering graduate student (MM – author of this 

thesis), and a medical student with six months dedicated hip ultrasound imaging experience 
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(EC).  Each observer repeated the exercise after a week’s time to assess intra-observer 

variability.  

Quantitative indices were also measured.  Using custom software (MATLAB, 2012; The 

MathWorks, Natick USA) on each image, users drew standard lines along the iliac wing 

(baseline), acetabular roof, femoral head diameter and 5 points tracing the acetabular curve. The 

acetabular curve was defined as the distance between the point where the bony margin began to 

curve away from iliac wing baseline (A in Fig. 3.1) and where its slope became equal to the 

acetabular roof line (B in Fig. 3.1).  After β-spline smoothing, the arc length between A-B was 

calculated.  Lines perpendicular to endpoints A and B and their intersection point (O) were 

generated.  Acetabular radius of curvature (AROC) was the average distance between endpoints 

and intersection point (lines OA and OB, Fig. 3.1). Traditional coverage and alpha angle indices 

were also measured. Acetabular coverage was defined as the percentage of femoral head 

diameter located medial to the inferior projection of the baseline (c1/c2, Fig. 3.1) and alpha 

angle the angle between the iliac wing and acetabular roof (, Fig. 3.1).  Two observers, JJ and 

MM, each made all measurements on all 90 hips in random order. Each reader also repeated 

measurements in a random subset of 20 hips after a week’s time.   
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Figure 3.1 Ultrasound tracings conducted by observers on custom MATLAB software. The red line represents the 

iliac wing (baseline) and blue line the acetabular roof. Acetabular arc length was defined as the distance from A-B 

and acetabular radius of curvature (AROC) the average distance between O-B and O-B. The ratio of the lengths 

c1/c2 was used to calculate acetabular coverage and the alpha angle is noted by . 

3.2.3 STATISTICS 

Each reading generated five indices per hip: rounding grade, alpha angle, coverage, 

acetabular radius of curvature (AROC) and arc length. For rounding grade, a categorical index, 

the intra-observer and inter-observer Cohen’s kappa () and percent agreement were computed 

for each reader pair.  For the four continuous indices, inter-observer coefficients of variation 

(CoV) and intraclass correlation coefficients (ICC) were calculated using n=90, and intra-

observer CoV calculated using n = (20 x 2) repeat readings. Bivariate Pearson correlation 
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coefficients were computed between indices. One-way analysis of variance (ANOVA) was 

performed to determine whether index means differed significantly between clinical groups, 

using student’s t-test or if Levene's test of homogeneity was not satisfied, the Mann-Whitney U 

test.  Receiver operating characteristic curves and the area under these were calculated for 

certain variables to investigate their predictive value. All statistics were calculated using SPSS 

(IBM Corp., v. 21, 2013). 

3.3 RESULTS 

Inter- and intra-observer reliability statistics for traditional (alpha angle, coverage) and 

novel (arc length, AROC) acetabular rounding indices are summarized in Table 3.1. Alpha angle 

was most consistently measured with a CoV ~ 8%. CoV was substantially higher for AROC and 

arc length (15-39%), although ICC values were comparable for AROC (0.835) and alpha angle 

(0.895). There was difficulty in reliably drawing the acetabular curve whenever the acetabular 

line was ill-defined, as seen in Fig. 3.2. 

 

Table 3.1 Inter and intra-observer intra-class correlation coefficient (ICC) and coefficient 

of variance (CoV) for alpha angle, coverage, acetabular radius of curvature (AROC), arc 

length 

 Inter-observer 

(Observer 1 vs. 2) 

Intra-observer 

(Observer 1) 

Intra-observer 

(Observer 2) 

ICC CoV (%) CoV (%) CoV (%) 

Alpha Angle 0.895 8.20 7.93 9.10 

Coverage 0.929 21.1 10.8 15.1 

AROC 0.835 33.8 29.4 32.9 

Arc Length 0.743 28.7 15.1 39.0 
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Figure 3.2 Example of a 2D hip ultrasound with indistinct acetabular margin that was difficult to trace. 

There was moderate to substantial intra-observer agreement on rounding grade, with 

kappa 0.54-0.63 (table 3.2).  However, inter-observer variability of the rounding grade was poor 

(kappa 0.30-0.37, agreement 48-52%). Rounding grade did correlate closely with AROC: the 

area under a receiver operating characteristic curve prepared using AROC values to predict the 

rounding grade was 0.91.   

 

Table 3.2 Inter- and intra-observer variability of subjective assessment of acetabular 

rounding (acetabular rounding grade) through calculation of Kappa () and % agreement 

(% A). A, B, C denotes the three readers who assigned semi-quantitative rounding grades 

to all n=90 hips twice with a one week delay between reads. Rounding grades were as 

follows: 0=minimal, 1=mild, 2=moderate and 3=severe.  
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Comparison Intra-observer Inter-observer 

A-A B-B C-C A-B A-C B-C 

 % A  % A  % A  % A  % A  % A 

Grades 

0, 1, 2, 3 

0.54 65.6 0.63 72.2 0.61 71.1 0.30 47.8 0.32 47.8 0.37 52.2 

Grade 

0-1 vs. 2-3 

 0.681 84.4 0.61 80.0 0.65 82.0 

 

Arc length and AROC, both indices of acetabular rounding, were highly correlated 

(r=0.94).  Correlation between these and traditional DDH indices (alpha angle and coverage) 

was negative (i.e., dysplastic hips had low alpha angles and large radii of curvature) and poor to 

moderate (Table 3.3).  AROC correlated nonlinearly to alpha angle: hips with high alpha angles 

(i.e., normal) had sharp acetabular edges with small AROC, while hips with low alpha angles 

(dysplastic) could have small or large AROC (Fig. 3.3; only the lower left half of the chart 

contains data points).   

 

Table 3.3 Pearson correlation coefficients between four ultrasound indices (alpha angle, 

coverage, acetabular radius of curvature [AROC] and arc length) of hip dysplasia  

 Coverage Arc Length AROC 

Alpha Angle 0.556** -0.400** -0.588** 

Arc Length -0.134 1 0.935** 

AROC -0.203 0.935** 1 

**Correlation is significant at the 0.01 level (two tailed)  
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Figure 3.3 Acetabular radius of curvature (AROC) vs. alpha angle for one set of reads conducted by an observer. 

Most hips with moderate to severe rounding ultimately received treatment, but many of 

the treated hips did not have rounded acetabulae.  For example, rounding grade > 1 predicted 

eventual treatment with specificity 0.93, but sensitivity of just 0.58; at 47% prevalence of 

treatment this gave a positive predictive value 0.95, negative predictive value 0.49.  There was 

substantial agreement between the quantitative AROC and the semi-quantitative rounding 

grade on whether a hip was at least moderately dysplastic: at AROC>3.0 mm, agreement with 

rounding grade of 2 or 3 had kappa=0.70, 80% concordance.  

At ANOVA, all four ultrasound indices clearly distinguished between hips that did not 

(groups 0-1) or did (groups 2-3) eventually undergo treatment for DDH (Fig. 3.4, Fig. 3.5).  

Mean alpha angle declined linearly from groups 0-3, while mean coverage only declined 

significantly in group 3. Mean AROC and arc length both rose significantly between groups 0/1 



48 
 

(no treatment; mean AROC 1.6 mm and 1.6 mm) and groups 2/3 (treated; mean AROC 3.1 mm 

and 3.4 mm; p=0.007). Receiver operating characteristic curves were prepared for use of each 

index as a predictor of the clinical decision to treat (Fig. 3.6).  The areas under the receiver 

operating characteristic curves were 0.84 and 0.80 for traditional indices of alpha angle and 

coverage, and 0.76 and 0.69 for the acetabular radius of curvature and arc length, respectively.  

 

Figure 3.4 Mean values of alpha angle (A), coverage (B), acetabular radius of curvature (AROC;  C) and arc length 

(D) for each clinical diagnostic group: 0=normal; 1=initially indeterminate, resolved at follow-up without treatment; 

2=dysplastic, treated with Pavlik harness or similar; 3=dysplastic, treated surgically.  *= statistically significant 

difference in means from group 0 (normal).  Error bars represent 95% confidence interval of each mean.  Note that 

groups 0 and 1 required no treatment while groups 2 and 3 were treated.   
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Figure 3.5 Typical ultrasound appearance in each clinical group.  (A) group 0 (normal, no treatment): mean alpha 

angle 65, small acetabular curve with mean radius of curvature 1.6 mm; (B) group 1 (indeterminate at initial 

ultrasound, resolved later without treatment): mean alpha angle 61, mean radius 1.6 mm; (C) group 2 (Pavlik 

harness treatment): mean alpha angle 54, mean radius 3.1 mm; (D) group 3 (surgical treatment): mean alpha angle 

48, mean radius 3.4 mm.  The circles drawn on each image show the increasing size of the calculated acetabular 

radius of curvature from category 0-3.    
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Figure 3.6 Receiver operating characteristic curves for alpha angle (A), coverage (B), acetabular radius of curvature 

‘AROC’ (C) and arc length (D). The areas under the receiver operating characteristic curves are listed in brackets 

beside each respective letter. Reference lines are also shown in each panel. 

3.4 DISCUSSION 

There have been recent advances in the literature pertaining to measuring different 

components of acetabular morphology in pediatric hips [7]. However, this is the first study we 

know of to quantify acetabular rounding on hip ultrasound. Quantification is needed as 

subjective assessment of rounding is highly variable; even assigning a rounding grade semi-

quantitatively in this study led to unacceptably high inter-observer variability. Given the tiny 

size of the structure being measured, we had low expectations.  We found that acetabular 
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rounding was measurable with moderate reliability, although coefficients of variation were 

relatively high, CoV~30%.  These CoV are larger than for alpha angle and coverage, undoubtedly 

because the acetabular curve is very small, radius averaging 1-3 mm, and difficult to trace with 

sub-millimeter precision.  Tracing the acetabular curve also used 5 plotted points, compared to 2 

points for each line from which alpha angle and coverage were calculated.  Having more user 

input inevitably increased variability. Variability was greatest when the acetabular curve was 

indistinct and therefore difficult to accurately trace (Fig. 3.2).  Sonographers are trained to 

prioritize saving images with crisp and straight iliac wing and acetabular roof lines to best 

measure the alpha angle and the planes in which these images are captured may not be optimal 

to capture a well defined acetabular curve outline.  This could be avoided prospectively by 

instructing sonographers to also ensure a sharply defined acetabular curve is well seen, which 

may at times require saving an extra image in a slightly different plane.  

The poor-to-moderate correlations between traditional ultrasound indices of DDH 

(alpha angle, coverage) and our novel indices of rounding (AROC, arc length) imply that the 

latter measure a related but different component of hip morphology. The high correlation 

between AROC and arc length (r=0.94) suggests it is only necessary to measure one of these 

indices. AROC is preferred due to its higher ICC comparable to arclength (AROC 0.835, 

arclength 0.743), and higher area under the receiver operating characteristic curve predicting 

treatment (nearly as high as for the alpha angle 0.84 vs 0.76 AROC).  

Differences in acetabular rounding between normal and dysplastic hips could be usefully 

quantified despite technical challenges in measurement. Specifically, AROC clearly 

distinguished between hips that ultimately went on to treatment for DDH and those that did 

not, regardless of the alpha angle.  This was possible since the difference in AROC between 

normal and dysplastic hips (mean 1.6 vs. 3.3 mm) was large enough to overcome variability in 

AROC measurement, which was proportionately substantial (CoV~30%) but represented only a 
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tiny absolute distance (~0.5 mm).  Based on our results, a threshold of AROC>2.5-3 mm may be 

appropriate, but validating an exact threshold would require more extensive study.  

Rounding and alpha angle had a nonlinear correlation, in that acetabular edges were 

sharp in all hips with normal alpha angles, but could be sharp (small AROC) or rounded (large 

AROC) in dysplastic hips.  This suggests the depth of the acetabular socket and the roundness of 

its edge represent different aspects of dysplasia, only partly dependent on each other.  

Quantification of both features on ultrasound may ultimately improve prognostic accuracy. It is 

possible, for example, that for a given alpha angle, greater acetabular rounding (higher AROC) 

might be associated with greater likelihood of failure of conservative treatment. Now that we 

have established a method of measuring acetabular rounding that is easily performed and 

sufficiently reliable to make clinically useful distinctions, future prospective studies could apply 

this technique to further investigate diagnostic and prognostic significance of acetabular 

rounding in DDH.   

It is important to note that AROC is best considered supplementary to existing 

ultrasound indices of DDH.  Ideally, a clinician would combine all available information from 

ultrasound (indices including alpha angle, coverage and AROC, and dynamic testing) with 

clinical features (e.g., age, risk factors, stability on examination) to best predict patient 

outcomes, plan and monitor therapy.  

3.4.1 LIMITATIONS 

This study had limitations, chiefly related to its retrospective nature. First, we were 

limited to use of the saved images from each ultrasound study and could not control image 

quality directly.  Sonographers were focused on obtaining a Graf plane image rather than one 

with a well-defined acetabular curve, which limited reliability of retrospective tracing.  Second, 

we limited our outcome measure to the decision to treat DDH within our follow-up period 

(average 32 months) rather than assessing radiographic outcomes.  This is because in our 

retrospective study, radiographs were not consistently available for all patients, and the 
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meaning of correlation between initial rounding and ultimate radiographic outcome would have 

been unclear due to the various intervening treatments.  Note that most decisions regarding 

treatment occur promptly within weeks to months of DDH diagnosis [4] .  This study was not 

designed to evaluate very long term clinical outcomes; a task we believe will be better performed 

in future prospective study.   

Third and most importantly, treatment decisions made by the attending pediatric 

orthopedic surgeon already incorporated visual assessment of acetabular rounding (in addition 

to other features including alpha angle, acetabular coverage, stability on dynamic ultrasound 

and clinical examination, clinical risk factors and patient age).  Thus, the clinical outcome was 

not an independent gold standard but was partly based on some of our input indices.  In this 

setting, it would be circular reasoning to conclude that acetabular rounding, as an imaging 

feature, correlates to treatment: “We think rounding requires treatment. Those with rounding 

were treated. Therefore measurement of rounding correlates with treatment.”  However, this 

was not our hypothesis.  We know that our surgeons treat severe rounding.  Therefore, when we 

tested whether our specific technique for measuring rounding correlated closely to treatment, it 

was as an indirect way of determining whether the measurement accurately quantifies the 

clinically important essence of the feature that is already visually obvious to the surgeon.  A low 

correlation to treatment decisions would not have meant that rounding is not important, but 

that our method of measuring the rounding is likely flawed.  Acetabular rounding on ultrasound 

anecdotally forms part of surgical decision-making, but to an unknown extent since this visual 

finding has not been quantified until now.  Our study results should be interpreted as describing 

current clinical practice as to who is selected for treatment rather than evaluating whether this is 

the most appropriate group of patients to be treated.  For example, it remains unclear whether 

an abnormal AROC alone should be treated; this needs to be studied prospectively.  The natural 

history of AROC in untreated hips is also not clear and could be studied in an appropriate 

prospective cohort. 
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Finally, this type of measurement lends itself to ultrasound measurements in three 

dimensions. By measuring the acetabulum curvature in two dimensions you can begin to 

understand more fully how stable the femoral head is in the ball and socket joint; once 

additional slices have been added (above and below) to the original two dimensional view, you 

can perform the same (or similar) measurement upon the entire acetabular curvature and end 

up with a complete picture of rounding which should be more precise than any of the current 2D 

methods. This type of measurement is discussed in chapter 5 of this thesis.  

3.5 CONCLUSIONS 

Subjective or semi-quantitative assessment of acetabular rounding has inter-observer 

variability that is unacceptably high.  Acetabular rounding could be more reliably quantified on 

hip ultrasound by measuring the acetabular radius of curvature (AROC).  Although this index 

had relatively high inter-observer variability compared to traditional indices (alpha angle and 

coverage), it was still sufficiently reliably measured to detect significant differences in acetabular 

rounding between infant hips that did or did not go on to receive treatment for hip dysplasia.  

Acetabular rounding was only moderately correlated to the alpha angle, and greater rounding 

was strongly associated with a decision to treat hip dysplasia.  In light of this, measuring the 

radius of acetabular curvature may prove useful clinically, or in prospective studies, especially 

where rounding is the most significant feature of hip dysplasia, or additionally in aiding in 

creation of  novel 3D indices. 
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CHAPTER 4 

Chapter 4 .. 

REPRODUCIBILITY OF ACETABULAR LANDMARKS AND A 

STANDARDIZED COORDINATE SYSTEM OBTAINED FROM 3D HIP 

ULTRASOUND3 

4.1 INTRODUCTION 

 Recalling the problems illustrated in chapter 2 of traditional 2D ultrasound images, I 

have shown that they offer only a partial view of the complex 3D shape of the acetabulum, and 

that the interscan variability in the 2D image orientations and the resulting calculated alpha 

angles exist because ultrasound probes are hand-held. No two images of the acetabulum will be 

exactly alike, because of the different probe orientations they were acquired at.  Also shown in 

chapter 2, was that this variability can be substantial, with potential for misclassification of 

DDH in half of infants and up to three-quarters of neonates.  

 Three dimensional (3D) ultrasound probes can now acquire images rapidly enough to 

image even a non-compliant infant. 3D ultrasound can demonstrate all relevant anatomy (iliac 

wall, femoral head, and os ischium) for diagnosing DDH, in a more comprehensive way than 2D 

ultrasound (Figure 4.1). 

                                                        
3 A version of Chapter 4 has been accepted for publication in Ultrasonic Imaging – Mabee M., 

Dulai S., Thompson R.B., Jaremko J.L., Reproducibility of acetabular landmarks and a 

standardized system obtained from 3D hip ultrasound. Ultrasonic Imaging 2014 (in press).  
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Figure 4.1 Comparison between modalities.  A model of a normal infant hip acetabulum and cartilaginous femoral 

head, generated from 3D ultrasound (red), superimposed on a physical model of an infant pelvis generated via 3D 

printer from high resolution CT scan data (i), and on a single coronal image from the source CT scan in the same 

patient (ii). (iii) Comparison with a radiograph in a different infant emphasizes that the cartilaginous femoral head is 

much larger than the ossified core visible radiographically.  Note that the images are in different patients and are 

only representative for visualization purposes.   

  Since the entire acetabular shape is acquired in a single 3D data set, differences in probe 

orientation may be less important than in 2D ultrasound. For reproducible comparisons 

between scans and modalities, it is essential to consistently establish the location of the 

acetabulum in the 3D ultrasound data set. We have developed a method to reorient the 

ultrasound image of the hip along a consistent axis using two acetabular landmarks visible in 3D 

ultrasound, giving a standardized central plane. The purpose of this chapter is to showcase the 

reliability of this technique. Our primary outcomes were the inter-observer reliability of 

landmark selection to generate the central plane, and of the associated variation in orientation 

of the central plane. The chapter also shows the inter-observer variability of alpha angle 

measurements on 3D vs on 2D ultrasound.  

4.2 MATERIALS AND METHODS 

4.2.1 PATIENTS 
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 This prospective study was approved by our institutional ethics board and performed at a 

tertiary pediatric hospital from September 2012 to October 2013. With written informed 

parental consent, 3D ultrasound scanning was added to the first routine clinical 2D hip 

ultrasound scan of each patient. Scan indications were clinical suspicion of DDH due to hip 

laxity, asymmetric skin creases, and/or risk factors such as positive family history. We 

considered only one hip per patient except in cases of bilateral hip dysplasia (to increase our 

number of total scans of dysplastic hips). A total of 51 hips in 42 patients, 27 (64%) females, 

were analyzed. Patients were scanned at age 4-111 days, average 44.2 days. They received routine 

care at a pediatric orthopedic clinic from surgeons blinded to 3D ultrasound images and 

findings. We observed clinical care for at least 6 months (of the infants age) to classify each 

imaged hip as: normal at first orthopedic assessment/ultrasound (category 0, n = 20 patients, 

20 hips); questionably abnormal initially but resolved spontaneously on follow-up 

imaging/clinical examination (category 1, n = 10 patients, 10 hips); dysplastic requiring 

treatment by Pavlik harness and/or surgery (category 2, n =12 patients, 21 hips). 

4.2.2 IMAGING 

 Ultrasound used Philips iU22 (Philips Healthcare, Andover, MA, USA) platforms. 

Conventional 2D ultrasound of both hips was performed using a 12 MHz linear transducer 

(12L5, Philips Healthcare, Andover, MA, USA), including static imaging in Graf standard 

coronal plane and axial plane, by usual clinical protocol. 2D ultrasound was interpreted by a 

pediatric radiologist, with results and images made available to referring clinicians. In addition, 

a 13 MHz 3D linear (13VL5, Philips Healthcare, Andover, MA, USA) transducer was used in 

coronal orientation to obtain a 3D ultrasound data set at each hip. The transducer swept 

through a range of +/- 15 in 3.2 seconds to generate a 3D data set of 256 ultrasound slices 0.13 

mm thick, each containing 411 x 192 pixels measuring 0.11 x 0.20 mm. Each user scanned each 

hip twice by 2D and twice by 3D ultrasound.  

4.2.3 IMAGE PROCESSING 
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 Images were analyzed off-line using custom software (MATLAB R2010a-2012; The 

MathWorks, Natick, USA). For each hip, two observers performed trials on both 3D and 2D data 

sets of each hip (MM, author of this Thesis, and JJ, the lead radiologist with fellowship training 

in pediatric and musculoskeletal radiology and 11 years experience). In each 3D data set each 

user selected two points based on predefined landmarks which would be used to define a 

rotation of the data-set into an orientation that contains a standardized 2D central plane. The 

landmarks were located on opposite ends of the lateral margin of the acetabular ridge, with 

Point A located at its most posterior limit and Point B at its most anterior limit (Figure 4.2)

 

Figure 4.2 Images from 3D ultrasound of the right hip in a 101 day old boy diagnosed clinically with normal hips, 

showing clearly defined landmark points (i) anterior, (ii) posterior.  Slices more anterior to (i) and more posterior to 

(ii) no longer showed acetabular edges.   

 The data was rotated based on the angle between the line created from these points and 

the original orientation of the data as well as the orientation of the Iliac wall, realigning the 

images into a ‘central plane’ in which points A and B were directly antero-posterior to one 

another (Figure 4.3). 
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Figure 4.3 Ultrasound images of a girl diagnosed with DDH, aged 6 days at time of scan. (i) anterior landmark 

selection, (ii) posterior landmark selection, (iii) 3D reconstructed image at central plane, (iv) 2D clinical scan image 

for comparison with (iii).  (v) Location of landmarks A and B on a 3D model of the acetabulum generated from this 

3D ultrasound scan.  In this scan the central plane was rotated only slightly from the image acquisition plane (2). 

 Finally, the user would select the coronal slice in the reoriented data (Figure 4.3(iii)) 

which most accurately resembled a Graf standard plane image; this was considered the “central 

slice”. The user would then measure the alpha angle in this extracted 2D image with the exact 

same process used to measure the alpha angle from the conventional 2D ultrasound. For 2D 

ultrasound, each user measured the alpha angle in all of the clinical Graf standard plane images. 

4.2.4 STATISTICAL ANALYSIS 

 Statistics were calculated on SPSS (Chicago, IL, USA, v. 20). Descriptive statistics were 

recorded as mean +/- standard deviation (SD). For repeated measurements we calculated the 

mean difference in values and to characterize the limits of agreement, we reported the 

repeatability coefficient (RC), i.e., the range of values within which there is 95% confidence that 

a second observation will fall from the first [1]. The intraclass correlation coefficients (ICC) 
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between individual components of landmark locations were also recorded to characterize 

consistency between observers. 

 For each scan, inter-observer variability of several parameters was calculated: 3D 

location of landmarks A and B; 3D angular orientation of the line joining A-B (indicating the 

orientation of the central plane); the location of the selected central slice along this line, the 

alpha angle measured on this reoriented slice of 3D ultrasound data; and the 2D ultrasound 

alpha angle. For the alpha angle we also assessed inter-scan variability at 3D ultrasound and 2D 

ultrasound, based on a user performing the same analysis on two separate scans of the same hip. 

We compared the alpha angles measured on the 3D ultrasound central plane images and the 

routine 2D ultrasound images. We measured intra-observer variability of each parameter on 3D 

and 2D ultrasound by having each observer perform all studies again one week later.  

4.3 RESULTS 

 The results of inter- and intra-scan variability studies are presented for the 3D 

ultrasound landmarks and central plane in Table 4.1, and for alpha angles in Table 4.2.  

 

Table 4.1 Reliability of 3D hip ultrasound landmark localization and central plane 

orientation. 

 Mean SD* RC* 

Central Plane Landmarks    

Inter Observer (mm) 1.6 1.0 2.0 

Intra Observer (mm) 0.9 / 0.9  

(User 1 / User2) 

0.9 / 0.9 1.8 / 1.8 

Central Plane Orientation    
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Inter Observer () 5.4 4.9 9.6 

Intra Observer () 4.2 / 4.3 

(User 1 / User 2) 

3.9 / 4.8 7.6 / 9.4 

*SD = Standard Deviation, RC = Repeatability Coefficient  

 

Table 4.2 Reliability of alpha angle -- 2D vs. 3D Ultrasound 

 Our 2D Our 3D 2D Others 

Alpha Angle Inter-Observer    

mean ( ) 0.8 2.6 6.5(4) 

SD ( ) 3.9 5.4 2(4), 3.5(6) 

Repeatability coefficient ( ) 7.8 10.8 17 (5) 

Alpha Angle Intra Observer    

mean ( ) 0.2 0.8 (user 1) 

/0.5 (user 2) 

- 

SD ( ) 3.1 3.1 / 4.7  3(2),3.2(3), 2.8(6) 

Repeatability Coefficient (  ) 6.2 6.2 / 9.3  

Alpha Angle Inter-Scan    

mean ( ) 0.1 0.6 4.0(4) 

SD ( ) 5.5 4.1 2.0(4) 

Repeatability coefficient ( ) 10.9 8.2  

 

4.3.1 VARIABILITY OF LANDMARKS  
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 The intra- and inter- observer variation in the position of the identified landmark points 

A and B was small (Figure 4.4), averaging 0.9 (MM) and 1.6 mm (MM vs JJ) respectively, with 

coefficients of repeatability 1.8-2.0 mm (Table 4.1). ICC values were recorded for the 

comparison of the two observer’s (MM and JJ) 3D point locations in X, Y, and Z coordinates 

with values 0.93, 0.895, and 0.938 respectively. Paired t-tests showed that variation in location 

of point A was not significantly different than for point B (p = 0.36-0.87). 

 

Figure 4.4 Inter-observer variation in selection of landmark locations and central plane orientations.  In this scan of 

the left hip of a 13 day old girl, the two observers selected landmark A (top two dots) 1.7 mm apart, and landmark B 

1.2 mm apart. The angle between the two central plane orientations, equal to the angle between lines AB drawn by 

observer 1 and by observer 2, was 4.4°.  These levels of variation were typical in our data set, near the mean values 

seen in Table 4.1.   

4.3.2 VARIABILITY OF CENTRAL PLANE ORIENTATION 

 The angle between the line A-B drawn by observer 1 (MM) and the same line drawn by 

observer 2 (JJ) in the same 3D data set represents the difference in 3D orientation of the 

associated central planes (Figure 4.4). This varied by a mean of ~5˚and had a coefficient of 
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repeatability <10˚ between observers. The largest intra-observer variation was 15.7˚ for 

observer 1 (MM) and 13.7˚ for observer 2 (JJ), while the largest inter-observer variation was 

22.8˚. These extreme values were in markedly dysplastic hips. Central plane orientation had 

significantly higher variability in hips clinically diagnosed as dysplastic (repeatability 

coefficients 8.6, 11.8, 12.0˚ for observer 1, observer 2 and inter-observer data, respectively) than 

in normal hips (6.2, 6.8, and 7.6˚, p <0.05). ICC values were calculated comparing the two 

observer’s X and Y line components (Z components had no meaningful variation); the ICCs were 

0.867 and 0.901 respectively. In additional analysis, once data was reoriented along the central 

plane one observer re-identified landmarks in there-sliced data; the amount of further rotation 

was small (1.8 +/- 1.2˚, coefficient of reliability 2.4˚). 

4.3.3 VARIABILITY OF SLICE SELECTION 

 To determine the variability of the selection of the ‘central slice’ most representative of 

the Graf standard plane, after data had been reoriented into the central plane using acetabular 

landmarks and the ‘central slice’ had been selected by each user, one user (MM) reselected the 

central slice on his own trial data and upon the other user’s (JJ) data.  Inter-observer variability 

of slice selection was within 1.3±6.8 slices (mean±SD), repeatability coefficient 13.3 slices (i.e., 

95% of the time, the observers would select the best slice less than 14 slices away from each 

other, a distance of 1.7 mm, or 5% of the width of the 3D ultrasound scan performed). ICC for 

slice selection was 0.975.  The intra-observer variability was lower, at 0.8±5.2 slices, 

repeatability coefficient 10 slices, representing 1.3 mm distance or 4% of scan width.  The visual 

impact of this was small (Figure 4.5). 
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Figure 4.5 Selection of best central slice.  3D ultrasound scans are composed of hundreds of very closely spaced 

slices (spacing 0.13 mm in our data), with a schematic showing a stack of 10 slices at top.  The four images below 

were taken from 3D ultrasound of a 48 day old girl's left hip, each 10 slices (1.3 mm) away from the next. Across 

the 30 slice (3.9 mm) distance shown above from left to right, the acetabular shape and femoral head slowly change 

in shape, and the os ischium (arrow) disappears. In this study, two observers selected the best slice within 14 slices 

of each other in 95% of cases, a distance of 1.7 mm. 

4.3.4 INTER-OBSERVER VARIABILITY OF ALPHA ANGLE 
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 The inter-observer variation of the 3D-ultrasound alpha angle (Table 4.2) is the total 

variation based on two users completely reprocessing 3D scan data from landmark selection to 

slice selection and measuring the alpha angle.  Inter-observer variation on 2D ultrasound is the 

variation only of the step involving measurement of the angle on the saved image.  The 

repeatability coefficients indicate that 95% of the alpha angles lay within 10.8 of each other on 

3D-ultrasound, vs. 7.8 on 2D-ultrasound (p<0.05). ICC values for the 2D alpha angle were 

0.936 and 0.879 for the 3D alpha angle.  Intra-observer variability showed a similar pattern 

with slightly lower values; repeatability coefficients were 6.2 2D vs. 9.3 3D, p<0.05.  The 

numeric differences in alpha angle were present despite subjectively similar appearance of the 

images processed by the two observers in nearly all cases (Figure 4.6). 
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Figure 4.6 Effect of inter-observer variability in processing 3D ultrasound  (i,ii) Comparison of 'best slice' 

reconstructed 3D images processed by two users, with alpha angles 0.6 from each other. Scans were of a 14 day old 

boy's left hip, which was initially classified as borderline for DDH but resolved at follow-up without intervention.  

The acetabular margin is nearly identical in the scans, although image (i) captures more of a femoral head 

ossification centre and less of the os ischium than (ii).  (iii,iv) 'Best slice' reconstructed 3D ultrasound images from 

two users in a 40 day old girl's left hip, which was also initially classified as borderline for DDH but resolved at 

follow-up without intervention.  This patient had one of the largest inter-observer variations in alpha angle we saw, 

from 56.6 to 48.8.  Note that both patients had slightly curved acetabular rims in all ultrasound images obtained, 

and the os ischium was only faintly visible for the second patient. 

4.3.5 INTER-SCAN VARIABILITY OF ALPHA ANGLE  

 This variability was computed by having each observer perform the entire process from 

2D and 3D data acquisition to alpha angle measurement on separate ultrasound scans 

performed by different sonographers at the same visit.  The inter-observer inter-scan variability 

was statistically significantly less for 3D ultrasound than 2D (8.2 vs 10.9, p<0.05).   Examples 

of inter-scan variability are given in Figure 4.7.  A summary flowchart showing the processing 

steps and reliability of each step is shown in Figure 4.8. 
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Figure 4.7 Inter-scan variability.  Top row: images (i) and (ii) are at the central plane after reconstruction of two 

different 3D ultrasound scans, in a 6 day old girl with a dysplastic left hip.  The scans are very similar visually 

despite being obtained by two different observers and processed separately.  The alpha angles measured on these 

images varied by 2. 

Bottom row: images (iii) and (iv) were obtained in the same way by processing two different 3D 

ultrasound scans, in a 4 day old boy with a dysplastic right hip.  These two images had the 

largest difference (11 ) in measured alpha angles in our study, but are visually more similar than 

this would suggest.  Note the limited visualization of the os ischium, which occurred on both 2D 

and 3D ultrasound of this patient. 
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Figure 4.8 Data processing workflow and reliability for 2D and 3D ultrasound.  RC = reliability coefficient of inter-

observer variability for the relevant measurement, distance or angle.  Note that the overall inter-scan reliability of 

3D ultrasound alpha angle measurement, combining all processing steps, was significantly improved over 2D 

ultrasound, and that most of the variability in both steps occurred in actual measurement of the alpha angle. 

4.3.6 COMPARISON OF 3D AND 2D ALPHA ANGLES 

 The alpha angles measured on conventional 2D hip ultrasound and on the 3D ultrasound 

performed at the same visit were compared for each hip.  The alpha angles differed by 0.5±6.7 

for Observer 1 and 3.8±7.3 for Observer 2, with most of the variability occurring in dysplastic 

hips (SD of difference between 2D and 3D = 9.4 for dysplastic hips vs. 3.3 in normal hips).   No 

patients with DDH had a 3D ultrasound alpha angle >60 for either observer, while 2-4 

clinically normal hips had a 3D ultrasound alpha angle <55.   

4.3.7 ALPHA ANGLES IN NORMAL VS. DYSPLASTIC HIPS 

On both 2D and 3D ultrasound the categories of dysplasia (0=normal, 1=borderline 

initially but ultimately normal, 2=dysplastic and given treatment) were separated into distinct 
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groups by their alpha angles. For 2D ultrasound, the mean alpha angle was 67.8˚ for category 0 

(95% CI of mean 65.1-70.5), 57.1˚ (52.1-62.1˚) for category 1, and 45.7˚ (42.4-49.0˚) for 

category 2.  For 3D ultrasound, values were 65.3˚ (61.5-69.1˚) for category 0, 57.2˚ (52.9-61.6˚) 

for category 1, and 45˚ (41.7-48.3˚) for category 2.   

4.4 DISCUSSION 

 The purpose of this study was to evaluate the reliability of 3D hip ultrasound landmark 

localization, and whether this led to improved reliability of alpha angle measurement 

characterizing hip dysplasia.  We found that landmarks at the anterior and posterior acetabular 

edges could be reliably identified by two users within 2 mm of each other, representing a high 

level of precision.  The orientation of a standard plane generated using these landmarks was 

reproducible within 10, representing a narrow range of variation compared to the 24-45 range 

that gave acceptable Graf standard-plane images in Chapter 2 of this thesis. Although these 

processing steps and central slice selection were highly reliable, the variability of the alpha angle 

was only slightly improved using 3D ultrasound compared to 2D ultrasound (RC 8.2 vs 10.9), 

with variation attributable mainly to the final processing step common to both 2D and 3D 

ultrasound – actual measurement of the alpha angle between two lines drawn on the ‘best’ 2D 

image from a 2D scan or a 3D data set.   

 The most important finding, that acetabular landmarks can be reliably identified and 

used to generate a reproducible central plane on 3D ultrasound of the hip, is a crucial pre-

requisite to effective use of 3D ultrasound in management of DDH.   With this confirmation, we 

can justify fusing images from serial follow-up 3D ultrasound scans, each oriented along its 

central plane, allowing consistent visual and numeric tracking of DDH progression and response 

to therapy, and potentially leading to additional insights into 3D deformity in DDH. 

 The other main finding, that there is only slightly (although significantly) lower inter-

scan variation between alpha angle measurements using 3D ultrasound compared to 2D 
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ultrasound, is expected in light of our sub-analyses showing that the error is dominated by the 

final processing step common to 2D and 3D ultrasound, i.e., drawing 2 lines and measuring the 

angle between them on the final ‘best’ ultrasound image.  If a clinician’s only purpose is to 

measure the alpha angle, 3D ultrasound adds little benefit.  However, the alpha angle is an index 

designed for 2D ultrasound.  Knowing that the orientation of a hip in space can be consistently 

determined using just two acetabular landmarks, we can begin investigating new indices of 3D 

hip dysplasia using geometric models derived from 3D ultrasound, which may improve on the 

limitations of the alpha angle. 

 The 2D alpha angle is known to be highly variable (Table 4.2).  Our values of inter-

observer, intra-observer, and inter-scan variability are comparable to the wide range of 

variability reported by others [2-6].  This range of variability is similar in magnitude to the 7-10 

width of each Graf diagnostic category [7], suggesting that DDH may very easily be 

misdiagnosed if a clinician relies heavily on the alpha angle.  This also confirms the previous 

findings using 3D ultrasound, as in chapter 2 of this thesis.  

 Once acetabular landmarks were defined and data rotated, a user was able to re-select 

these landmarks on the rotated data with high precision (RC 2.4), implying that after one 

rotation the orientation of 3D ultrasound image data has ‘snapped’ into a stable final resting 

plane.  Whether there is benefit from routinely adding a 2nd or 3rd iteration of landmark selection 

is uncertain and merits further study. 

 Once a central plane was identified, selection of the ‘best’ central slice meeting Graf 

criteria was highly reproducible between observers, varying by just 1.7 mm.  The variability of 

the alpha angle on the 3D ‘best’ slice selected by users was comparable to the variability of the 

2D alpha angle, as well as to inter-scan variability of 2D and 3D ultrasound (all with reliability 

coefficients ~8-11).  This implies that the majority of the ‘error’ in our 3D method is, as with 

traditional 2D ultrasound, contained within the actual drawing of the alpha angle measurement.  
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Users were able to recreate similar 2D images of each hip, even between totally separate 3D 

scans. 

 The two observers, MM and JJ, had different levels of experience. User MM (author of 

this thesis) has been working with 3D data sets throughout his degree, while JJ is a practicing 

radiologist with more experience in 2D ultrasound but less experience with 3D ultrasound, 

which may explain why user MM’s intra-observer variability in 3D ultrasound was less than JJ’s.  

In later studies more users and more training may be beneficial.  However, it is actually a 

strength of this study that our two users had quite different backgrounds and experience; the 

levels of inter-observer reliability we report are therefore conservative and should only improve 

with further consensus training. 

 The variation in comparison of 3D and 2D parameters such as central plane orientation 

and alpha angle was higher in dysplastic than normal hips.   This reflects the difficulty in 

identifying the acetabular margin which is smoother and less crisply defined in a dysplastic hip 

(e.g., Figure 4.3(iii)).  The orientation of the central plane is more precise in normal patients, 

just as the alpha angle is measured with less variability in normal patients. 

 This study had limitations, related to its exploratory nature.  To our knowledge we are 

the first clinic to systematically add 3D ultrasound for infant hip dysplasia, as was the case in 

chapter 2 of this thesis, this gave us a limited sample size to draw from; however, we were still 

able to include a full range of hips in each diagnostic category from normal to severely 

dysplastic.  The clinical diagnoses and treatment decisions were made by clinic orthopedic 

surgeons as per usual practice, and were not validated by any external gold standard.  Our 

results showing differences in reliability of ultrasound parameters based on clinical diagnosis 

should be interpreted cautiously as the ultimate diagnosis may vary in individual patients after 

longer term follow-up. Also, although we have confirmed that acetabular landmarks can be 

reliably identified and allow 3D image data to be rotated into a reproducible orientation, we 

have not demonstrated whether the landmarks or orientation have any physical meaning.  To 
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study this would require fusion (ie. overlaying of specific landmarks or of entire bone tracings 

between two modalities)  of 3D ultrasound data sets to other imaging modalities and/or a 

physical hip model, studies we intend to perform in the future. Finally, the clinical utility of 

measuring the alpha angle on 3D ultrasound is uncertain, as this is not what the alpha angle was 

designed for.  Further testing of the 3D ultrasound alpha angle against long term clinical 

outcomes would be needed to confirm its validity in this context.  There is opportunity to use the 

complete acetabular shape data available in 3D ultrasound to develop new indices of DDH 

which may improve on the obvious limitations of the alpha angle, which are discussed in the 

next chapter of this thesis. 

4.5 CONCLUSION  

 Acetabular landmarks can be reliably identified within 2 mm in 3D hip ultrasound, 

allowing rotation of data into a standardized central plane reproducible within 10 between 

observers.  Use of this standard central plane only slightly improves inter-scan variability in 

alpha angle measurement vs. traditional 2D ultrasound, likely because most variation in the 

alpha angle occurs in the final step of its measurement.  Applications of the standardized 3D 

ultrasound central plane will be to fuse serial ultrasounds for follow-up assessment, and to 

underpin development of new indices of 3D deformity in DDH which may improve on the 

diagnostic accuracy of the alpha angle. 
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CHAPTER 5 

Chapter 5 .. 

A NOVEL INDEX IN THE DIAGNOSIS OF INFANT HIP DYSPLASIA USING 

3D ULTRASOUND: THE INSTABILITY INDEX 

5.1 INTRODUCTION 

 This chapter expands on the potential uses of 3D ultrasound in the diagnosis of infant 

hip dysplasia. We have illustrated that we can reliably reorient 3D data sets of infant hips into a 

standardized view of the relevant bones (acetabulum and femoral head). Once in this view we 

can begin to analyze different patients in the same manner for a meaningful diagnosis of 

dysplasia. As mentioned earlier (section 1.22), we know that the acetabulum is remodeled based 

on forces and loading factors imposed by the femoral head in the ball and socket joint [1]; 

consequently we can develop indices which measure this ‘stability’ within the socket. This 

chapter introduces a new index for measuring infant hip dysplasia, the ‘inStability’ index, which 

may differentiate between normal and dysplastic hips. The ‘inStability’ index is based on the 

acetabulum resisting loads perpendicular to its surface (normal forces).  The chapter focuses on 

illustrating the diagnostic utility, as well as inter/intra observer reliability, and inter scan 

reliability of the new index.  

5.2 METHODS 

5.2.1 PATIENTS 
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 This prospective study was approved by the University of Alberta Health Research Ethics 

Board. Imaging was performed at a tertiary pediatric hospital from October 2012 to April 2014. 

At the first routine clinical 2D US of the hip in each patient, written informed consent was 

obtained from a parent to add 3D US of the hip at the same visit. The imaging indication was 

clinical suspicion of DDH because of laxity at examination, asymmetric hip creases, or other risk 

factors such as a family history of a positive finding for DDH. Because dysplasia can be 

unilateral or bilateral, we included each hip separately. We had 100 hips in 83 patients, and 60 

(72%) of them were female. Patients underwent US at the mean age of 45.4 days (range, 4-173 

days; for female infants, mean age was 46.1 days [range, 5 – 173 days]; for male infants, mean 

age was 42 days [range, 4 -111 days]). They received routine care at a pediatric orthopedic clinic 

from one or more of five clinic surgeons who were blinded to 3D US images and findings. We 

observed clinical care for at least 6 months to classify each imaged hip as normal at the first 

orthopedic assessment (category 0; n = 40), questionably abnormal initially but with findings 

that resolved spontaneously at follow-up imaging and clinical examination (category 1; n = 21), 

or dysplastic and requiring treatment by using a Pavlik harness and/or surgery (category 2; n = 

39). 

5.2.2 IMAGING 

 All imaging was performed by using platforms (Philips iU22; Philips Healthcare, 

Andover, Mass). We performed conventional 2D US in both hips by using a 12-MHz linear 

transducer (Philips L 12-5; Philips Healthcare, Andover, Mass), including static coronal imaging 

in the Graf standard plane and axial dynamic imaging to assess for hip stability by using our 

usual protocol. Two-dimensional US images were interpreted by a pediatric radiologist, with 

results and images made available to referring clinicians. In addition, two study team members, 

including a radiologist, technologist, or medical or graduate student trained by the study 

radiologists, used a high-resolution 13-MHz 3D linear (13VL5; Philips Healthcare, Andover, 

Mass) transducer in the coronal orientation to obtain a 3D US data set at each hip. With this 
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transducer, we performed a 3.2 second automated sweep through a range of ±15 degrees to 

generate a 3D data set of 256 US sections that were 0.13 mm thick, each containing 411 X 192 

pixels measuring 0.11 X 0.20 mm. These 3D scans were not released for use in clinical 

treatment.  

5.2.3 IMAGE PROCESSING 

 Images were analyzed off-line using custom software (MATLAB R2010a-2012; The 

MathWorks, Natick USA). For each hip, 3 observers (MM, a graduate student in biomedical 

engineering/radiology and author of this thesis, JJ, the lead radiologist with fellowship training 

in pediatric and musculoskeletal radiology and 11 years experience, and EC, a medical student 

with experience in scanning infant hips and working with 3D data sets) performed trials on the 

3D data sets of each hip. In each 3D data set each user selected two points based on predefined 

landmarks which would be used to define a rotation of the data-set into an orientation that 

would standardize the viewing plane of the acetabulum and femoral head, as per the 

descriptions laid out in chapter 4 of this thesis (also illustrated in Fig 5.1 (i) and Fig 5.1 (v)). 

 For each hip, the acetabulum was traced on all re-oriented slices between the landmark 

points on each end (Fig 5.1 (ii) and Fig 5. (iv) illustrate this), and the femoral head was also 

traced on all slices between the acetabulum landmarks which provided a clear view of the 

femoral head (Fig 5.1 (ii) and Fig 5. (iv)). The tracings were done using a customized semi-

automated interactive interface that allowed contours traced on selected sections to be 

interpolated to intervening sections, then reviewed and corrected by using a nudging tool. 

 These tracings were used to create a surface model of both the acetabulum (Fig 5.1 (vi)) 

and femoral head. Surface normals were calculated based on tangent planes at each point on the 

acetabulum model. After performing a bicubic fit of the data in the x, y, and z directions, 

diagonal vectors and their cross products were computed to form the normal at each point (Fig 

5.2 (i)). Each point on the acetabulum surface was then checked for the closest point on the 

femoral head on the same slice. Once these two calculations had been performed, all surface 
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normals were weighted according to a d-2 (distance) proportionality, and then averaged to create 

a single cumulated surface normal (Fig 5.2 (ii)). The user would then draw a line representing 

the iliac wall on the first 1-5 slices after the posterior landmark ‘bump’ had leveled off into a flat 

iliac wall (Fig 5.1 iii, and Fig 5.2 ii). The inStability angle was calculated through the dot product 

of the iliac wall line and the weighted surface normal (ie. the angle between the iliac wall and the 

vector intended to represent the line of action of the net force that can act from the acetabulum 

on the femoral head). 
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Figure 5.1 Acetabulum landmarks, tracing techniques, and surface model. Figures (i) and (v) show the acetabulum 

landmarks at the posterior and anterior edges of the acetabulum, slices more anterior or posterior no longer showed 

acetabulum edges. Figures (ii) and (iv) show acetabulum (red) and femoral head (green) tracings on slices between 

the landmarks. Figure (iii) shows a slice with a representative Iliac Wall line, which would be used in the calculation 

of the inStability angle. Figure (vi) shows the acetabulum surface model which was generated from the tracings on 

this patient, surface model is also color coded for distance to femoral head (white = least, black = largest distance), 

femoral head is shown semi transparently in white. Figure (vi) is shown from an orientation reversed from figures (i) 

through (v)  

 
Figure 5.2 Surface normals and inStability Angle. Figure (i) shows a limited number of the surface normals used to 

calculate the net surface normal. Figure (ii) illustrates a representative Iliac Wall (white line) and net surface normal 

(green arrow) as well as the inStability Angle (phi).  

 User 1 (MM) did tracings on the total set of each hip scans (n = 100 scan 1, n = 98 scan 

2), User 2 (JJ) did tracings on a random selection of n = 20 hips in each set, and User 3 (EC) did 

one full set of scan 1 (n = 100). 
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 Lastly, the Acetabular surface models of 15 hips (two observers and two separate scans 

with 5 hips in each of the diagnostic categories) were matched and aligned with Amira software 

(FEI Visualization Sciences Group, Düsseldorf, Germany), and root mean square error (RMS) 

values were calculated, the RMS error represents the smallest average distance from a point on 

one model to the nearest point on another (Fig 5.3). Additionally, one user created detailed 

(high fidelity) models on all patients twice to compare the difference between simplified 

(representative of tracings done in the study) and detailed models. The detailed models 

consisted of drawing contours on 8-10 slices with approximately double the number of points as 

the simplified models which were drawn on only 5-6 slices with 5-6 points each and relied 

heavily on interpolation.  

 

Figure 5.3 Illustration of the RMS between Surface Models. Three views of the same patient as compared by user 1, 

red is a detailed tracing and white is a simple tracing, this hip’s RMS value was 0.21 mm indicating that the distance 

from a given point on one model to the closest similar point on the other was very small, typically an approximate 

size of 1 voxel.  
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 The training process involved preliminary trials by four users (MM, JJ, EC, and MN; MN 

a pediatric radiologist) testing how best to trace the acetabulum and femoral head through an 

iterative process of random 3D data sets. 

 The alpha angle was also calculated for each hip by one user (MM) for comparison 

against the inStability angle. We have previously validated the reliability of alpha angle 

assessment by this user against the lead radiologist (0.8˚ +/- 3.9˚ n = 51, which is similar to 

literature values for inter observer variability of the alpha angle). 

5.2.4 STATISTICAL ANALYSIS 

 Statistics were calculated on SPSS (Chicago, IL., USA, v. 20).  Descriptive statistics were 

recorded as mean +/- standard deviation (SD).  For repeated measurements we calculated the 

mean difference in values and to characterize the limits of agreement, reported the repeatability 

coefficient (RC), i.e., the range of values within which there is 95% confidence that a second 

observation will fall from the first [2]. The intraclass correlation coefficient (ICC) was also 

calculated to assess conformity between users. 

 For each scan, inter-observer variability of the inStability angle was calculated; intra-

observer variability was also calculated (with the user leaving one week between consecutive 

tracings of the same hip) as well as inter-scan variability of the hips. The inStability angle was 

also compared against diagnostic category.  Root mean square error values of surface models 

were calculated between models of high and low fidelity, between users, and between different 

scans. 

5.3 RESULTS 

5.3.1 VARIABILITY OF INSTABILITY INDEX 

 The intra-observer variation of the inStability index was -0.86˚ +/- 3.5˚ for user 1 (MM 

on n = 98 cases), and -0.05˚ +/- 3.5˚ for user 2 (JJ on n = 20 cases) with the same repeatability 

coefficient for both users, 6.86˚. The ICC for user 1 was 0.98 and 0.97 for user 2.  
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 The inter-observer reliability of the inStability index was 0.23˚ +/- 4.25˚ between users 1 

and 2 (MM/JJ on n = 20 cases) and –2.6˚ +/- 4.0˚ between users 2 and 3 (JJ/EC on n = 20 

cases), with similar repeatability coefficient between users, 8.33˚ and 7.84˚ respectively. The 

ICC value between user 1 and user 2 was 0.97, while between users 2 and 3 it was also 0.97.  

 The inter-scan reliability of the instability index for user 1 was -0.44˚ +/- 5.82˚ (MM on 

n = 100) and 0.9˚ +/- 4.2˚ (JJ on n = 38 cases), with repeatability coefficients 11.4˚ and 8.2˚ 

respectively.  The ICC values for user 1 was 0.924, and 0.965 for user 2.  

5.3.2 NORMAL VS. DYSPLASTIC HIPS 

 Categories of dysplasia (0 = normal, 1 = borderline initially but ultimate normal, 2 = 

dysplastic and given treatment) were separated into distinct groups by both their 2D alpha 

angle, and their inStability index. For 2D ultrasound (standard Alpha Angle), the mean alpha 

angle was 66.9˚ +/- 5.5˚ (95% CI of 65.1˚, 68.6˚) for category 0, 54.4˚ +/- 8.82˚ (50.4˚, 58.4˚) 

for category 1, and 44.9˚ +/- 8.09˚ (42.3˚, 47.6˚) for category 2, see Fig 5.4. All means were 

significantly different with p-values falling below o.0001 between all categories. For 3D 

ultrasound, the mean inStability angle was 30.98˚ +/- 4.7˚ (29.5˚, 32.5˚) for category 0, 36.8˚ 

+/- 8.0˚ (33.3˚, 40.6˚) for category 1, and 52.3˚ +/- 8.4˚ (49.6˚, 55.0˚) for category 2, see Fig 

5.4. Means were significantly different (p < 0.0001) for categories 0 vs 2 and 1 vs 2, and 

significantly different for categories 0 vs 1 (p = 0.003).  Included are also pyramid graphs 

showing a  case by case frequency distribution with lines showing the cut off threshold of 

60.0˚separated by diagnostic category (normal above 60˚, dysplastic below 60˚) for Alpha 

Angle (Fig 5.5), and a cut off threshold of 40.0˚ for inStability angle (normal below 40˚, 

dysplastic above 40˚, Fig 5.5). 
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Figure 5.4 Alpha and inStability Angle by Diagnostic Category. At left, The 95% confidence intervals for each 

mean Alpha Angle value by each diagnostic category. Note the large gap between the two ‘normal’ categories (0 

and 1). At right, The 95% confidence interval for each mean inStability angle by diagnostic category, note the large 

gap between normal (0 and 1) and dysplastic hips (2). 

 

Figure 5.5 Case by Case Frequency Distribution Pyramid Graphs for Alpha and inStability Angle by Diagnostic 

Category. At left, Alpha Angle, Category 0 and 2 hips have largely different location of distributions, while category 

1 hips have a distribution which stretches into both categories. Black horizontal line at 60˚ represents the cut-off 

defined by Graf for normal hips. At Right, inStability Angle. Categories 0 and 2 have largely different distributions, 

while category 1 is similar to category 0 with a few outliers. 
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5.3.3 RECEIVER OPERATING CHARACTERISTIC CURVES 

 The receiver operating characteristic curves are also included for both the Alpha Angle, 

and the inStability index, as shown in Fig 5.6, for a diagnostic test using these imaging indices 

individually to detect DDH compared to the clinical gold standard diagnosis by an orthopedic 

surgeon using all available clinical and imaging information. The area under the curve for Alpha 

Angle was 0.928, and for inStability index was 0.965.   

 

Figure 5.6 ROC Curve for Alpha and inStability Angles. At left, Alpha Angle, The area under the ROC curve was 

0.928. At right, inStability Angle, the area under the ROC curve was 0.965. 

5.3.4 CORRELATION OF INSTABILITY AND ALPHA ANGLES 

 The pearson correlation coefficient between user 1’s (MM) instability angle and alpha 

angle values (n = 100) was -0.753 at a significance of p < 0.001 (Fig 5.7). 
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Figure 5.7 Correlation of Alpha Angle to inStability Angle. Alpha angle and inStability angle was moderately 

correlated, with a Pearson correlation coefficient of -0.753. This implies that inStability angle may measure different 

aspects of dysplasia than alpha angle.  

5.3.5 ACETABULUM FUSION 

 The root mean square values for the surface models are summarized in the table below 

(table 5.1). The table shows the effect of changing fidelity, observer, and scan between surface 

models on the average distance between corresponding points on the models. The largest error 

was between different scans of the same hip for user MM, a value of 0.436 +/- 0.19 mm (mean 

+/- standard deviation).  



87 
 

Table 5.1 RMS Values for Acetabulum Surface Models 

 Detailed vs 

Detailed 

Simple vs 

Detailed 

JJ v MM MM Scan 1 v 

Scan 2 

JJ Scan 1 v JJ 

scan 2 

RMS in 

mm (mean 

+/- SD) 

0.178 +/- 0.04 0.198 +/- 0.05 0.238 +/- 

0.06 

0.436 +/- 0.19 0.402 +/- 0.13 

Change Nothing Fidelity Observer Scan Scan 

5.4 DISCUSSION 

 The purpose of this study was to introduce a new index which can be generated from 3D 

ultrasound to quantify and categorize infant hip dysplasia. Chapter 4 of this thesis dealt with the 

reliability of the landmarks required to standardize the orientation of the 3D data into 

viewpoints which can be compared between patients, while this chapter focuses upon the 

reliability and diagnostic utility of the inStability index derived using these landmarks. With 

intra-observer variation of the inStability index measuring in at -0.86˚ +/- 3.5˚ and -0.05˚ +/- 

3.5˚ (user 1 (MM) and user 2 (JJ), respectively), the numbers are very similar to reported values 

of alpha angle intra-observer variation in literature and in our own studies (standard deviations 

of 3˚ [3], 3.2˚ [4], and 2.8˚ [5] literature; 3.1˚ in chapter 4). Similar trends were also observed 

for inter-observer and inter-scan variation between the 3D inStability index and 2D alpha angle. 

Inter-observer reliability of inStability index was 0.23 +/- 4.25 (repeatability coefficient 7.8˚) 

and alpha angle literature values were: 2˚ [6] and 3.5˚ [5] standard deviations with one paper 

reporting a high repeatability coefficient of 17˚[7], while our own standard deviation of the alpha 

angle was 3.9˚ (chapter 4).  Inter-scan variability of the inStability index was -0.44 +/- 5.82˚ 

and 0.9 +/- 4.2˚ (user 1 and user 2, respectively) and was similar to our reported value in 

chapter 4 of a 5.5˚ standard deviation for the alpha angle. Comparison to the alpha angle is a 
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useful metric as it is the index most widely used and has the lowest variability of any 2D 

ultrasound measured index, especially in comparison to the beta angle [3, 4, 6, 7] or femoral 

head coverage [7, 8]. The inStability angle has inter-observer variability comparable to the alpha 

angle. 

 The receiver operating characteristic curves of the inStability index and alpha angle 

provide a useful insight into the diagnostic utility of this new metric, as shown in Fig 5.7. While 

the two curves are very similar and both appear to effectively diagnose hip dysplasia, it is 

actually the inStability index which has the greater area under its curve, 0.965 vs 0.928 for alpha 

angle, suggesting a trend toward the inStability index representing a better metric to measure 

the condition. These values appear very high, admittedly areas under an ROC curve which are 

greater than 0.90 are exceptional, but this is likely because the individuals who scanned the 

patients in this study are highly practiced at scanning for infant hip dysplasia (hundreds of scans 

in total as well as performing scans every week). Therefore, alpha angle’s area under this ROC 

curve is probably better fit to the value of 0.836 as it was reported in chapter 3 of the thesis,  this 

value dealt with scans retrieved from our tertiary hospital imaging records and reflects a more 

varied expertise of sonographers. Consequentially the inStability ROC value may also be slightly 

inflated.   

 Although all dysplastic hips had alpha angle less than 60˚ (which is generally accepted as 

the cut off between normal vs dysplastic [9]), the alpha angle did not as distinctly separate 

normal (categories 0 and 1) and dysplastic (category 2) hips as well as the inStability angle did. 

Category 1 hips appeared with a high variability in the alpha angle, frequently with alpha angles 

falling into the normal and dysplastic categories. Figure 5.4, helps illustrate the prevalent 

difference in alpha angle between category 0 and 1 hips (both of which are normal and did not 

undergo treatment), and have significantly different means (p <0.0001). The inStability index 

had a much less prominent difference between category 1 and 0 hips, with only a small gap of 

0.8˚ between the two categories’ 95% confidence intervals (Figure 5.4). Although categories 0 
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and 1 were still significantly different in terms of means for inStability angle, it was trending 

towards insignificance, with the removal of only two outliers from category 1 the p value grew to 

an insignificant value (p = 0.012 from p = 0.003).  The inStability index pyramid graph, shown 

in Fig 5.5, also shows this trend, with category 0 and 1 hips appearing very similar and only 5 

patients in category 1 resting in the defined ‘dysplastic’ region (above 40˚). Also to note is that, 

out of the total 5 patients who were misclassified in the category 1 diagnosis, 3 of them were 

scanned at too early of an age (4 days old, 11 days old, and 22 days old).   

 It is generally recommended to scan infants at around 6 weeks as before this the hip is 

immature [10-12]. Although delayed scanning is typically an accepted practice for 2D 

ultrasound, we have no reason to believe it is not applicable to 3D ultrasound as well, as this is a 

general statement on the physiological development of the hip. The two dysplastic patients 

whose hips had inStability angles appearing normal (<40˚) were both very close to crossing the 

threshold. A 40˚ threshold for the inStability angle visually best distinguished normal from 

dysplastic hips in this data set, but should not be taken as an absolute tolerance for dysplasia or 

normal hip. To do this requires extensive further validation with a larger study and more precise 

knowledge of what exactly is being measured; however, it is still useful as a general tool for 

classifying the data collected in this study. 

 Much of the variability in the inStability index came from the user’s selection of the best 

iliac wall representation. We carefully derived simple rules to optimize the reliability of this 

selection, but, like anything relying on user input, there will be disagreement and personal bias 

introduced. An automated technique for characterizing the iliac wall angle from a 3D surface 

model may be more reliable, but will require substantial effort outside of the scope of this proof 

of concept. 

 The moderate correlation of r=-0.753 between inStability angle and alpha angle, with an 

r2 = 0.5 suggests that only about half the variation in one of these angles accounts for variation 

in the other; this implies that the inStability angle measures different aspects of dysplasia than 
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the alpha angle. If the inStability angle were simply a 3D version of the alpha angle, then the 

correlation between the two would be expected to be much higher. Also, the moniker ‘inStability 

angle’ may be more aptly renamed as something similar to ‘contact angle’ (as it is based on the 

area on the acetabulum most likely to be contacted on the femoral head). 

 As shown in Table 5.1, the fusion between surface models was extremely accurate, with 

the largest values (Scan 1 vs Scan 2) still below half a millimeter. Drawing a higher fidelity model 

of the acetabulum only slightly decreases variability when compared to a simple model. This 

result aids in the decision of choosing to trace the more time efficient simple models. The RMS 

values between users were also very similar to intra-observer results, confirming our qualitative 

impression that drawing the surface model contours is generally straightforward and unlikely to 

be heavily biased. Changing observer does not appear to be a great source of variability for 

tracing models. Performing completely separate ultrasound scans by different observers and 

fusing surface models from these has slightly higher error, essentially double the RMS values of 

using the same scan; however, even at double the variability, the variability is still very small at 

only half a millimeter. 

 This study had limitations similar to the rest of this thesis. We are the first clinic to 

systematically add 3D ultrasound for infant hip dysplasia, as with chapters 2 and 4 of this thesis, 

this gave us a limited sample size to draw from; however, we were still able to include a full 

range of hips in each diagnostic category ranging from normal to severely dysplastic. The clinical 

diagnoses and treatment decisions were made by clinic orthopedic surgeons as per usual 

practice, and were not validated by any external gold standard.  Our results showing differences 

in reliability of ultrasound parameters based on clinical diagnosis should be interpreted 

cautiously as the ultimate diagnosis may vary in individual patients after longer term follow-up.  

Finally, the clinical utility of the inStability angle is uncertain, further testing against long term 

clinical outcomes would be needed to confirm its validity as a diagnostic tool.  
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The use of 3D ultrasound gives a more full view of the acetabulum than available from 

current 2D ultrasound, and is likely to represent a useful diagnostic tool. Even without the use of 

a quantifying index such as the inStability index, review of the 3D ultrasound images and 

surface models may provide subjective and overall impressions of a patient’s physiological 

development of value beyond a numeric index dysplasia.  

5.5 CONCLUSION 

 The inStability index generated from 3D ultrasound data of infant hips can be reliably 

reproduced within and between users (intra-observer -0.05˚ +/- 3.5˚, inter-observer 0.23 +/- 

4.25), and between scans (inter-scan 0.9 +/- 4.2˚). The area under the curve of receiver 

operating characteristics of the inStability index was high and trended to be greater than that of 

the alpha angle for our data set (0.965 vs 0.928). These findings imply there may be high, 

clinical utility of 3D ultrasound scans for infant hip dysplasia. The inStability index shows 

promising initial results and warrants further study, and provides a good case for the use of 3D 

ultrasound in infant hip dysplasia. 
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CHAPTER 6 

Chapter 6 .. 

DISCUSSION AND CONCLUSIONS  

6.1 DISCUSSIONS 

6.1.1 THESIS OVERVIEW 

 This thesis illustrated the flaws of the current 2D ultrasound imaging techniques used to 

diagnose DDH and introduced new techniques using both 2D ultrasound methods and 3D 

ultrasound. Chapter 2 showed the inter-scan error of 2D ultrasound can be substantial, and 

confirmed the in-vivo results of Falliner, et al [1], which showed that inter-scan variability is 

non-negligible and that the ‘Graf standard plane’ can be recreated with multiple probe 

orientations. Chapter 3 focused on adding a meaningful index to quantify acetabular rounding 

on traditional 2D ultrasound images obtained to measure the alpha angle by Graf’s method. The 

fourth chapter outlined the reliability and techniques we used to standardize our 3D data, and 

demonstrated that 3D scans can be used to obtain a Graf standard image of the hip. Finally, in 

chapter 5 I generated a new index from 3D ultrasound scanning, the inStability angle, which can 

reliably discern between dysplastic and normal hips. 

6.1.2 PROBLEMS WITH 2D ULTRASOUND AND POTENTIAL BENEFITS OF 3D 

 As mentioned, the inter-scan error of 2D ultrasound measurements can be substantial, 

but in addition to that problem is that the 2D Graf ultrasound method is a difficult scan to 

perform. Even in our tertiary hospital where these types of scans are performed regularly, errors 

commonly occur. Sometimes sonographers are unable to obtain the proper orientation. While 
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searching for images for use in the acetabular rounding study in chapter 3, we found multiple 

2D ultrasound hip images saved to clinical records which were not adequate. Some of the 

common errors can be seen in Fig 6.1. 

 

Figure 6.1 Common errors of 2D ultrasound scanning. A) has a curved iliac wing, and missing ischium. B) is too far 

posterior and includes a lip on the iliac wing and acetabulum corner. C) again has a curved iliac wing and very faint 

ischium, D) again has a curved acetabulum.  

 In contrast, by scanning the acetabulum in three dimensions, the entire bone can be 

observed and abnormalities should be visible. If the technician can obtain a scan in which the 

acetabulum is visible and little or no movement artifacts are present, then the scan will be 

technically successful. Consequently it is likely that less training will be required to produce 3D 
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ultrasound images than 2D, and the scan may be much easier to perform for centers which do 

not receive large numbers of infant hip scans. This also has great implications for rural areas 

(such as northern Canada) where a subspecialty trained radiologist may not be present to dictate 

the exam; an out of town radiologist can report the results correctly because they are provided a 

full sweep of the acetabulum and not just a ‘snapshot’ which they must assume is oriented 

correctly. 

 The added benefit of providing a radiologist an entire sweep of the hip is already a strong 

reason for the inclusion of this method; the radiologist can observe the entire 3D shape of the 

hip without actually entering the exam room and scanning the infant themselves. This benefit 

shaves substantial time off both the radiologist’s and the technician’s workload, as the 

technician no longer has to spend large amounts of time sifting and searching for the best 

‘snapshots’ of the infants hip, but rather sweeps the whole hip and sends it straight to the 

radiologist.  The radiologist is also able to reduce the number of ‘suspect’ hips that must be 

checked in person. It is likely that the quantification of hip dysplasia can also be much more 

accurate and precise than the current 2D method as it is based upon the entire hip. 

6.1.3 REVIEW OF QUANTITATIVE RESULTS 

 Chapter 2 provided convincing quantitative results on the limitations of current 2D 

ultrasound methodology, specifically the inter scan variability. Adequate clinical quality images 

could be created in probe orientations varying by an average of 24˚, or by as much as 45˚in each 

of two perpendicular axes. These varying probe orientations caused significant changes in the 

alpha angle, with an average of 13.9˚and standard deviation of 7.1˚ for each hip. Observed 

variation in alpha angle would cause crossing of clinical dysplasia categories, corresponding to 

over half of our data set traversing into at least two clinical categories. This variation was also 

even more significant in younger patients, specifically those under 1 month of age, where almost 

three quarters of the imaged hips crossed categories.  
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 The indices which we introduced in chapter 3 to improve upon the current 2D 

ultrasound diagnosis of DDH, arc length and AROC, were shown to be quantifiably useful. My 

recommendation to incorporate only one of these indices, with the pick being AROC, came 

about as a result of the high correlation (Pearson correlation coefficient of 0.94) between the 

two. AROC displayed a high ICC value, comparable to the alpha angle (0.835 vs. 0.895, 

respectively) and a moderate correlation was displayed between the two (r = -0.588) leading us 

to infer that the two measure different aspects of hip dysplasia and are both useful. The area 

under the ROC curves of alpha angle and AROC showed that similar diagnostic utility exists 

between the two (0.836 vs. 0.758, respectively). The AROC was able to detect between normal 

and dysplastic hips with significantly different average values between the two categories, 1.6 

mm normal vs. 3.1 mm dysplastic.  

 Landmarks introduced in chapter 4 for the standardization of a 3D coordinate system 

were reproducible within 2 mm between observers and 1 mm within observers. The central 

plane created from these landmarks was also highly reliable, with the angle between user’s 

planes being on average 5.4˚ away from each other. The inter-observer variability between the 

3D and 2D alpha angles were comparable with repeatability coefficients of 10.8˚ and 7.8˚, 

respectively. The inter-scan variability of the 3D alpha angle was slightly smaller than that of the 

2D alpha angle with repeatability coefficients 8.2˚ vs. 10.9˚. 

 The inStability index had inter and intra observer variability similar to alpha angle with 

values of -0.05˚ +/- 3.5˚ and 0.23˚ +/- 4.25˚(mean +/- SD) and good inter scan variability 

(coefficient of variability of 8.2˚). The root mean square error values of the surface models 

showed high reproducibility of models with the largest error (comparing models between two 

different scans of the same hip) falling below 0.5 mm and the smallest error (comparing two 

high fidelity models) resting at an average of 0.18 mm. The correlation between alpha angle and 

inStability angle had an R2 value of 0.5 explaining that only half of the variability in inStability 
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angle is accounted for by alpha angle and that they do measure different aspects of dysplasia. 

While the area under ROC curves trended towards higher clinical utility for inStability than 

alpha angle (0.965 vs. 0.928). 

6.1.4 EVALUATION OF CLINICAL UTILITY OF 3D ULTRASOUND 

 Due to the novel nature of 3D ultrasound imaging of infant hips, this thesis worked with 

small sample sizes. Although, the preliminary results were highly promising, it is still imperative 

that larger trials be conducted in the routine course of clinical care. We are the first center to 

begin to use 3D ultrasound routinely on infant hips (to our knowledge). In the coming years our 

center will have amassed several hundred (potentially in the thousands) infant hip scans for use 

in studies, as of May 31st 2014 we have acquired over 400 patients worth of scans, additionally 

each week approximately 8 normal and 2 abnormal hips are added to the database. As the 

sample size grows and clinical applicability becomes more realistic, there will be an increasing 

need to follow a formal and recognized approach to validate the clinical utility of the novel 

imaging techniques developed. We have been following and will continue to follow the 

OMERACT [2] guidelines to standardize our results. With our preliminary work we have already 

covered many of the original OMERACT filter guidelines in the three main categories (Truth, 

Discrimination, and Feasibility) for determining applicability of a measurement instrument in a 

clinical setting. In the truth section, we have already displayed face validity with our initial 

results, as well as content validity (3D ultrasound is conceptually better, as it can intrinsically 

acquire more information about the acetabulum’s 3D geometry), with construct validity (how 

well does the measurement correlate to variables that are known to be related to the condition) 

remaining to be fully exhibited. For discrimination, we have already illustrated preliminary 

reliability (but would benefit from larger trials and the correspondingly more convincing 

statistics which would come with larger samples) and sensitivity to change (our inStability index 

clearly separated normal and dysplastic hips, but could again benefit from larger trials and 
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longer follow up). Lastly, we have also illustrated preliminary feasibility; our 3D scans are done 

in the same time frame as 2D scans, and in most cases are easier to perform. The post 

processing which we perform on the 3D data sets is minimal, taking about 2-3 minutes of user 

interaction per scan, which fits well within the 30 minute standard examination and processing 

time frame at the tertiary hospital from which we collected data from. Our feasibility is also 

increased by the prospect of remote reporting by radiologists (as mentioned earlier). To further 

increase the real-world feasibility of this analysis, work with a commercial ultrasound 

manufacturer could be done to incorporate our indices and measurement capabilities; once this 

is done we could begin scanning in multiple centers with relative ease.  

6.1.5 LIMITATIONS 

 As we are the first group to attempt to use 3D ultrasound on infant hips, we did not know 

in advance the best technique for scanning. This has resulted in some of our initial 3D scans 

being of poorer quality for our ultimate analysis than others, despite this, new sonographers 

have generally been able to acquire scans of adequate quality on their first attempt with minimal 

coaching, which leads us to believe that this is indeed easier than the 2D Graf method. To date, 7 

individuals have been trained to perform routine scans for our studies.   

 Our available (13VL5; Philips Healthcare, Andover, Mass) probe, although high 

resolution, was sometimes lacking in penetration (section 1.1.4). Our most common penetration 

issue was a lack of a visible ischium. This generally occurred in older and larger patients; 

consequently it may be of use to use a lower frequency probe for some patients.  The ischium is 

generally a landmark used for the standard 2D coronal Graf plane, but we have no reason to 

question the utility of still using it to obtain images of the hip in this general reference plane. 

Additionally, it was sometimes difficult to image very non-compliant infants and motion 

artifacts hindered the utility of some of our 3D scans. Acquisition of full sweeps of the hip took 

slightly less than 3 seconds; and while this is fast, it is still susceptible to motion artifacts. 
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Motion artifacts will soon be overcome with the increasing sophistication and usability of 4D 

ultrasound probes; these probes (section 1.1.5) will also increase the ease of use for technicians.  

6.1.5 FUTURE DIRECTIONS 

 This thesis introduces several innovations to imaging diagnosis of hip dysplasia, each of 

which could be incorporated clinically as follows: 

  The acetabular radius of curvature (AROC) and the arc length of the acetabulum which 

were introduced in chapter 3 would be easy to incorporate into clinical exams as much of the 

functionality is easy to program and build into existing PC programs for radiologist use. With 

others [3] also attempting to improve on Graf’s current technique, we can be certain that new 

indices and knowledge of the abnormal development of the infant hip is needed. Potential 

benefits of working on the AROC method to quantify the amount of acetabular rounding, other 

than the obvious quantification on Graf standard images, is that it can be incorporated into 

three dimensions.  

 A three dimensional version of the AROC may potentially capture and quantify an index 

which reflects rounding. This 3D AROC naturally lends itself to comparison with the simplified 

surface models like those in this thesis, which would be incredibly useful in the creation of an 

infant hip atlas. This atlas would create the ‘typical’ normal hip (based on hundreds of surface 

models) and subsequent scans could be compared against this normal to find aspects of 

dysplasia. It is also unlikely that there would be one single normal hip for all ages; the atlas 

would be generated based upon trends observed from the models which are acquired and would 

likely have an age group dependent typical normal hip (as infant hips change quickly over time). 

Not only would this atlas be beneficial in diagnosing dysplastic hips quickly and accurately, but 

it could be beneficial in terms of surgical planning. Surgeons could see the exact locations of 

where a specific infant’s hip differs from the normal and plan their treatments accordingly. 
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 The inStability index discussed in chapter 5 is only one technique based on 3D 

ultrasound; there is room for many other quantification techniques to be explored. The 

inStability index is similar to alpha angle, and although we believe it is stronger and 

incorporates aspects of rounding, there is the same potential to use secondary indices analogous 

to indices like coverage on 2D scans. Additionally, this is an easy index to incorporate secondary 

indices onto as there is already a surface model created in the methodology to calculate the 

inStability index. 

 Another beneficial avenue to explore to further understand the stability of the hip joint is 

finite element modeling. Finite element modeling of the hip is already a thriving area of research 

with many groups publishing papers [4-10]; however, there are fewer studies on the pediatric 

hip which is structurally much different, especially in young infants. Using 3D ultrasound to 

generate the finite elements would create high fidelity models with sub millimeter precision that 

represent the hip very accurately, and could be used for increasing the knowledge of infant hip 

dysplasia. 

6.2 CONCLUSIONS 

 The studies in this thesis show that 3D ultrasound is of promising utility in the diagnosis 

of DDH. There are significant flaws in the current Graf standard techniques which are widely 

used currently (high inter/intra- observer variability and high inter-scan variability – that can 

cause a change in diagnostic category in half of all scans), that are alleviated with the use of 3D 

ultrasound. The acetabular radius of curvature introduced in this thesis attempts to increase the 

reliability of the current 2D ultrasound method by quantifying the rounding which clinicians 

already incorporate into their impression of the hip. Standardization of 3D ultrasound scans of 

the hip may be done through the use of our landmarks which were proven reliable (identifiable 

within 2 mm), and the inStability angle shows great initial utility with more accurate ROC 

curves than the alpha angle. Work is still needed to be done in the form of larger trials, 
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exploration of different 3D indices, and finite element modeling, but this thesis provides the 

rough framework for 3D ultrasound to be incorporated into the diagnosis of infant hip dysplasia.  
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