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Abstract 
 

Bone imaging methods have been designed to assess bone mineral density and bone 

strength; however, no one modality completely analyses bone health and predicts fracture 

risk in children. Our systematic review and meta-analysis (Chapter 3) aimed to identify 

the best modality for assessing bone health in children and young people. We found that 

digital X-ray radiogrammetry (DXR), which measures bone health index (BHI) from hand 

and wrist radiographs using BoneXpert software, achieved the most robust positive 

correlation with DXA when compared to quantitative ultrasound (QUS) and peripheral 

quantitative computed tomography (pQCT). 

The retrospective pilot study in Chapter 4 was conducted to investigate whether BHI 

values are sufficiently sensitive to distinguish between children under two years old with 

and without osteogenesis imperfecta (OI). We analysed the BHI and BHI SDS from 122 

radiographs (33 OI, 89 suspected abuse). BHI and BHI SDS were significantly greater in 

the group without OI compared to the group with OI [(p = 0.003) and (p = 0.01), 

respectively]. Individual cut-points of sensitivity and specificity for BHI in detecting OI 

individuals were established. 

The core of this thesis is presented in Chapters 5 through 8, detailing a prospective 

observational cohort study that examined correlations between BHI and high-resolution 

peripheral quantitative computed tomography (HR-pQCT) parameters, including finite 

element analysis (FEA), in healthy children and bisphosphonate-naµve patients with low 

bone mineral density. In total, 36 participants aged between 8 and 16 years underwent a 

non-dominant hand and wrist radiograph, along with an ipsilateral distal radial HR-pQCT 

scan on the same day. Results showed significantly higher BHI and BHI SDS in the 

healthy group compared to the patients (p<0.0001 and p<0.0001, respectively), with 

strong correlations between BHI values and most HR-pQCT parameters. BHI values 

showed a stronger correlation with trabecular parameters than cortical parameters 

throughout the study. Moreover, the strong correlation between BHI and FEA suggests 

that BHI may be used to predict fracture risk in children.  

DXR/BHI provide valuable information about bone strength and integrity, and so it may 

be used as a simple method to evaluate bone health and indicate fracture risk in children 

and young people.  
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1.1. Introduction 
 

Over the last five decades, the importance of measuring bone mineral density and 

evaluating bone strength in children and young people has grown dramatically. The reason 

for conducting these assessments is to identify children with low bone mass who are prone 

to experiencing fractures that may be due to bone fragility disorders or secondary to 

chronic illness. Subsequently, these measurements help to determine the most appropriate 

therapeutic intervention for these children and thoroughly monitor the outcomes. 

To date, dual-energy X-ray absorptiometry (DXA) has been recognised as the clinical 

reference standard for assessing bone mineral density (BMD) in both children and adults, 

as recommended by the International Society for Clinical Densitometry (ISCD) [1-3]. 

However, accumulative data and several scientific opinions suggest that DXA is 

inadequate for assessing bone strength and predicting fracture risk in children. The reason 

for this is that DXA cannot measure bone depth [volumetric bone mineral density 

(vBMD)], and its results depend on a 2-dimensional (2D) projection of a 3D structure. 

Therefore, the size dependence of areal bone mineral density (aBMD) impedes the use of 

DXA for children who are suffering from abnormal growth patterns, delayed sexual 

maturation, and chronic disorders [4, 5]. DXA is an effective tool for measuring BMD; 

however, it was not designed to measure bone microarchitecture or strength and predict 

fracture risk in children.  

Other bone imaging modalities, including quantitative ultrasound (QUS), peripheral 

quantitative computed tomography (pQCT), high-resolution peripheral quantitative 

computed tomography (HR-pQCT), high-resolution magnetic resonance imaging (HR-
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MRI), and digital X-ray radiogrammetry (DXR), have been developed to quantify further 

bone morphometry and strength. Although some of these imaging modalities have 

become widely accessible and easy-to-use methods for assessing bone health in children 

and young people, most of these modalities are still used only for research purposes due 

to their limitations regarding the assessment of bone strength measurement and the 

associated challenges related to predicting fracture risk accurately. Therefore, obtaining a 

reliable imaging modality has become vital to overcome this shortcoming. 

It is necessary to evaluate bone strength and health in order to predict the risk of future 

fractures. While bone density plays a significant role in bone strength, it is essential to 

recognise various other factors that impact bone strength. These factors encompass the 

bone microarchitecture and the geometry of bones. Other novel imaging modalities, such 

as HR-pQCT, HR-MRI, and micro-computed tomography, assess bone microarchitecture 

and strength. However, these methods are currently used for research purposes, and each 

imaging modality has specific limitations regarding assessing bone microarchitecture and 

strength in children.  

HR-pQCT provides 3-D macro-and microstructure information about bone components, 

similar to that which may be obtained by performing invasive transiliac bone biopsies. 

Moreover, HR-pQCT achieves finite element analysis (FEA), which provides objective 

parameters for bone strength. Despite the positive aspects of this modality, it is not widely 

available for clinical purposes because it is costly and lacks paediatric reference data. In 

addition, HR-pQCT cannot be used reliably in longitudinal studies due to the confounding 

effects of the interval growth of children (as the same areas of bone are not being 

compared). 
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Recently, several studies have focused on radiogrammetry to assess bone health in 

children. This method measures the middle phalangeal width and cortical thickness, and 

the results are reported as the cortical index. Nowadays, this method has been used to 

calculate the bone health index (BHI), which represents the cortical bone mineral density 

(cBMD), which is a volumetric bone mineral density and non-size dependent parameter 

unlike (aBMD), as measured by DXA. BoneXpert software was developed to measure the 

cortical thickness, width, and length of the three middle metacarpals from hand and wrist 

radiographs. The results are presented as BHI. The programme also presents a standard 

deviation score (BHI SDS) for BHI, that is automatically computed based on a cohort of 

healthy Caucasian children [6]. The advantages of DXR from a left hand and wrist 

radiograph include its wide availability, low cost, and minimal radiation dose (about 1 

ɛSv).  

A handful of studies suggest the potential use of BHI for assessing bone health in children 

and young people [7-10]. A recent publication [9] demonstrated that BHI only correlates 

modestly with DXA, suggesting that these two imaging modalities are assessing different 

parameters. DXA primarily evaluates aBMD, which is affected by the patient's size. In 

contrast, DXR/ BHI assesses vBMD. Accordingly, while DXA is not predictive of fracture 

risk, there is a possibility that BHI might offer more insights in this regard. 

Prior to conducting a large-scale, prospective longitudinal study to validate the use of BHI 

to identify children with low bone mineral density who are at a high risk of suffering low-

trauma, our focus in this project was to explore the association between BHI and bone 

health and strength. To achieve this, we evaluated the correlation between BHI and HR-

pQCT (as a reference method), including FEA. 
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1.2.  Study hypothesis  

The hypothesis of the proposed research is that the BHI, as determined from hand and 

wrist radiographs, correlates with HR-pQCT parameters, including the FEA of the distal 

radius in children aged 8-16 years and can thus be used as a simple and relatively low-

cost method of assessing childrenôs bone strength.  

1.3.  Aims 
 

The overarching goal of this thesis was to ascertain the potential clinical utility of the BHI. 

To achieve this, two aims were set. The primary aim was to assess the degree of correlation 

between the BHI values and HR-pQCT parameters, including FEA of the distal radius, in 

both healthy children and bisphosphonate-naµve children with low BMD [as confirmed by 

DXA] aged 8 ï16 years.  

The secondary aim was to investigate whether BHI and BHI standard deviation scores 

(SDS) are sufficiently sensitive to distinguish between children under two years old with 

and without osteogenesis imperfecta (OI). 

1.4. Objectives  
 

¶ To systematically review and summarise the findings of previous published literature 

to determine the best imaging modality to assess bone health in children and young 

people compared to DXA. 

¶ To compare BHI and BHI SDS values between children below two years of age with 

and without OI, and to evaluate the sensitivity and specificity of BHI in detecting  

individuals with low BMD within this age group.  
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¶ To calculate the degree of correlation between the BHI values and HR-pQCT 

parameters, including FEA, in both healthy children and bisphosphonate-naµve 

patients. 

¶ To compare the BHI values of healthy children with those of bisphosphonate-naµve 

patients (children with a low BMD as confirmed by DXA but not receiving 

bisphosphonate treatment). 

¶ To compare the HR-pQCT parameters of healthy children with those of 

bisphosphonate-naµve patients.  

¶ To compare the agreement between the BHI SDS and HR-pQCT parametersô SDs 

using a Bland Altman (BA) plot.  

¶ To assess the effect of sex, chronological age, and bone age on the BHI values and 

HR-pQCT parameters across the entire cohort. 

¶ To compare BHI values and HR-pQCT parameters in this cohort, then build on this to 

develop a series of regression equations.  

¶ To assess and compare the acceptability of the BHI methodology (hand and wrist 

radiography), DXA, and HR-pQCT, using five-minute questionnaires.  
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1.5. Thesis structure 
 

The thesis is structured in a traditional monographic format, supplemented by Chapters 

3 and 4, which are presented as manuscripts formatted for submission to a peer-reviewed 

journal. The University of Sheffield supports this approach, which aims to promote and 

encourage PhD candidates to disseminate their research findings through academic 

publishing.  

This thesis is divided into two sections. Section 1 consists of three chapters (Chapter 2, 

3 and 4). Chapter 2 presents an overview of bone structure, bone growth, and 

development. Bone density, the factors that affect bone health, and osteoporosis in 

children are also discussed. This is followed by a critical evaluation of the current imaging 

modalities that are available for the skeleton, with a particular focus on DXR, HR-pQCT, 

and DXA.  

Chapter 3 is a systematic review and meta-analysis titled, ñWhich skeletal imaging 

modality is best for assessing bone health in children and young adults compared to 

DXA?ò The aim of this review, with a meta-analysis, was to systematically search the 

literature to compare the various imaging methods and identify the best modality for 

assessing bone status in children. This chapter is presented in the format of a paper, 

published in Bone in May 2021 (DOI: 10.1016/j.bone.2021.116013). 

Chapter 4 is a retrospective pilot study, which aimed to investigate whether BHI and BHI 

SDS are sufficiently sensitive to distinguish between children under two years of age, with 

and without osteogenesis imperfecta (OI). This study was conducted in collaboration with: 

Rachel Shuyi Chong (a medical student from the medical school), who conducted the data 

http://dx.doi.org/10.1016/j.bone.2021.116013
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collection for this study; Professor Alan Rigby (the University of Hull), who provided the 

statistical support and assisted with the interpretation of the results; and Professor Amaka 

C. Offiah, who provided the academic supervision. This chapter is presented in the format 

of a paper (In children under two years of age, does the bone health index value differ 

between those with and without osteogenesis imperfecta?) that is currently undergoing 

revision for peer-reviewed publication in the journal Bone. This study was conducted 

during the COVID-19 lockdown, while we were awaiting ethical approval for the main 

project.  

Section 2 covers the major work undertaken during my PhD (a prospective cohort 

research project aimed at assessing the degree of correlation between BHI values and HR-

pQCT parameters of the distal radius in children aged 8 to 16 years). Section 2 has four 

chapters (Chapters 5, 6, 7, and 8). I worked in this part under the direction of Professor 

Amaka C. Offiah (main supervisor), Professor Paul Dimitri (co-supervisor). Professor 

Alan Rigby from the University of Hull offered statistical help.  

Chapter 5 is the methodology chapter, reflecting the major work undertaken during my 

PhD journey. The study design and participant recruitment process are described in detail. 

In addition, the participant information, image acquisition information, statistical 

analyses, ethical considerations, and safety evaluations are also presented. 

Chapter 6 concentrates on the main study results and presents the descriptive statistics 

for the participants in this project. The correlation coefficient between the BHI and HR-

pQCT parameters for the entire cohort and for the healthy and patient groups, separately, 

is described. In addition, the degree of agreement between the methods are discussed. 
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Finally, the impact of sex, age, and bone age on the BHI values and HR-pQCT parameters 

(using linear multiple regression) are presented.  

Chapter 7 provides a comprehensive discussion of the main study, including a detailed 

analysis and interpretation of the findings. It explores the implications of the results, 

including their relevance to clinical practice, theoretical frameworks, and future research 

prospects. 

Chapter 8 provides a summary of the findings and the conclusion. Within this chapter, 

the project's strengths and limitations are carefully examined. Additionally, potential 

future research directions are discussed, highlighting areas where further investigation 

might yield significant contributions to the field.  
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Section 1 
 

 

Chapter 2 
 

Introduction  
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This chapter offers a deep understanding of bone growth and development, giving insight 

on bone complex structure and physiology. It offers insights into the dynamic processes 

that regulate bone formation, remodelling, and maintenance throughout various stages of 

life. Additionally, this chapter explores the various factors that affect bone health and 

strength, from the microarchitecture of bones to the shape and geometry of bones.  

Section 2 in this chapter provides a critical evaluation of the current imaging modalities 

that are utilised in evaluating bone mineral density and bone health in children and young 

adults. The principles, advantages, and limitations of these imaging methods are 

discussed.  
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Section 1: Bone 
 

Bone is dense connective tissue, forming a significant portion of the skeletal system of the 

human body. It is essential for providing mechanical support for muscles, facilitating 

movement, defining the general form of the human body, and protecting internal organs. 

Bone also plays an important role in the production of blood cells, as bone marrow is 

responsible for forming red and white blood cells as well as platelets. Furthermore, bones 

can regulate mineral"homeostasis by storing calcium and phosphate, which are both 

required for various cellular functions throughout the body [11, 12].  

2.1.1.    Constituents of normal bone 
 

The skeleton is subdivided into an axial skeleton, representing the bones that form the 

body's longitudinal axis (the skull, vertebral column, and rib cage), and the appendicular 

skeleton, which is composed of the bones of the upper and lower limbs with girdles 

(pectoral and pelvic) [13]. Bone shape is classified into three categories: flat bones, short 

bones, and long bones (Figure 2.1). 
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Long bones consist of three physiological sections: the epiphysis, metaphysis, and 

diaphysis (Figure 2.2). The diaphysis is the long shift in the middle of the bone, whereas 

the epiphyses lie at the periphery. The metaphysis is located midway between the 

diaphysis and the epiphysis [14]. Bone surfaces are covered with dense, irregular 

connective tissue called the periosteum, which covers the external surface of the bone, and 

the endosteum, which lines the inner surfaces of bones, including both the medullary 

cavity of compact bone and the thin spicules or trabeculae of cancellous bone [15]. The 

epiphysis and metaphysis are separated by an epiphyseal cartilage plate, also known as a 

growth plate [16]. Growth plates lengthen the bones during childhood. This process is 

often finished by the end of adolescence; at this time, the bones stop expanding and 

developing. 
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Figure 2.2. The structure of the long bone [longitudinal (left) and transverse section (right)] 
 

2.1.1.1. Cortical and trabecular bone 
 

Bones are composed of two bony layers (Figure 2.2). The outer layer of bone is called the 

cortical bone (compact bone), which is a hard-dense layer of calcified tissue. It makes up 

approximately 80% of the total bone mass of the skeleton in adults. Cortical bone consists 

of multiple regular microscopic columns of calcified tissue called osteon (the Haversian 

system), which is the primary anatomical and functional unit of the cortical bone [17, 18]. 

The internal bone tissue is called trabecular bone (cancellous bone). This is less dense than 

cortical bone and is mainly located at the end of the long bone (metaphysis) and the inner 

part of the flat bone. It accounts for roughly 20% of the total bone mass [19]. Although 

trabecular and cortical bones are made from the same bone cells and matrix, they have 

different microarchitectures and functions (Figure 2.3). 
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Cortical bone consists of 80ï90% calcified bone and only 10% porous bone. It has a 

mainly protective function, and its microstructure allows bones to perform their functions 

(loading and strength). Trabecular bone, meanwhile, consists of 50ï90% porous bone, and 

the rest is calcified bone. This portion of bone is responsible primarily for metabolic 

action. The differentiation between the composition of these two bone types leads to 

differences in the respective densities of cortical and trabecular bone. While cortical bone 

has been proven to play a crucial role in bone resistance, trabecular bone has greater 

metabolic activity and turnover capacity [20]. 
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2.1.1.2. Bone matrix 
 

Bone is composed of both organic (osteoid) and inorganic components (Box 2.1). The 

organic matrix of bone consists of about 85ï90% collagen proteins, and the remainder is 

non-collagenous proteins (NCP) and bone cells (osteoblasts, osteoclasts, osteocytes, and 

bone lining cells). The inorganic element is formed mainly by spindle crystals of 

hydroxyapatite [Ca3(PO4)2(OH)2], deposited between the collagen and other organic 

components [21, 22]. 

While bone mineralization provides the rigidity of bone and resists compression, the 

elasticity of collagen enhances boneôs ability to resist fractures. Type I collagen accounts 

for approximately 90% of the collagen in bone. In its molecular structure, this type has 

three polypeptide chains that are wrapped around each other in its chemical structure. This 

triple helix combines two pro-Ŭ1 chains (produced by COL1A1 gene) and a pro-Ŭ2 chain 

(produced by COL1A2). Any mutation in these genes (COL1A1-COL1A2) leads to various 

genetic bone disorders, such as osteogenesis imperfecta and Ehlers-Danlos syndrome [23, 

24]. 
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2.1.1.3. Bone cells 
 

Bone is not a static organ but must be continually preserved and reconstructed (bone 

formation and remodelling). Three main bone cells (Figure 2.4) are responsible for this 

process: 

1. Osteoblasts: These cells produce the organic matrix components of bone, including 

proteoglycans, glycoproteins, and collagen fibres. Osteoblasts are also responsible for the 

formation and regulation of the mineralization of the bone matrix. Once matrix production 

has been completed, certain osteoblasts undergo programmed cell death (apoptosis), while 

others develop into osteocytes and bone lining cells [25]. 

2. Osteocytes: They are the most numerous cells in bone tissue (comprising up to 90% of 

the total). Osteocytes are derived primarily from osteoblasts but perform a different 

function than osteoblasts. Osteocytes play a regulatory role in matrix maturation, 



 
 

пм 
 

mineralization, and modification. They are thought to exist as mechano-sensor cells that 

control the activity of osteoblasts and osteoclasts. Long branches of these cells enhance 

intercellular communications and the intracellular transportation of small signalling 

molecules [26]. 

3. Osteoclasts: The main function of these cells is bone resorption. These cells secrete 

acid proteases and lytic enzymes to dissolve and digest the bone. Once they have finished 

reabsorbing the bone, they undergo apoptosis [27].  

 
Figure 2.4. Bone cells 
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2.1.2.  Bone development, growth, and remodelling  
 

2.1.2.1. Bone ossification 
 

Bone ossification refers to the generation of new bone. It begins in the embryo and 

continues until early adulthood (late puberty). It takes two forms: endochondral 

ossification or intramembranous ossification. 

Endochondral ossification:  

This involves the deposition of a bone matrix on a previously existing cartilage matrix 

(hyaline cartilage). This ossification occurs in all short and long bones except the skull, 

mandible, and clavicle [28]. The process starts when the mesenchymal stem cells (MSC) 

condense and differentiate into chondrocytes due to the effects of local growth factors, 

such as transforming growth factor beta (TGF-ɓ) and bone morphogenic protein (BMP) 

[29]. Chondrocytes secrete proteoglycans and collagen to form a cartilaginous template. 

This template will increase in size due to the proliferation of chondrocytes and the 

deposition of large amounts of collagen. In the centre of the cartilaginous templet, the 

chondrocytes become hypertrophied and surrounded by a calcified cartilage matrix [30, 

31]. Following that, the chondrocytes undergo apoptosis and create cavities. Blood vessels 

and osteoprogenitor cells will fill these cavities [32]. Osteoprogenitor cells will 

differentiate into osteoblasts and form a bone matrix to generate mature trabecular bone. 

This area is then modified by the invasion of additional osteoblasts and osteoclasts [33]. 

All these stages lead to the formation of a primary ossification centre. A similar process 

happens along the bone periphery, leading to the formation of secondary ossification 

centres [30, 34] (Figure 2.5). The cartilage tissue that resides between the primary and 
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secondary ossification centres is called the growth plate (physis), which is responsible for 

the longitudinal growth of long bone [35, 36]. 

 
Figure 2.5. Stages of endochondral ossification  
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Intramembranous ossification:  

This is the process by which flat bones, such as the skull, clavicle, and pelvis, are created. 

During this process, the mesenchymal tissue immediately becomes embedded in the centre 

of the fibrous connective tissue membrane and differentiates into osteoblasts, forming an 

ossification centre [37, 38]. The osteoblasts produce bone matrix (type I collagen), which 

binds the calcium to form osteoid. At that time, the blood vessels are surrounded by 

osteoid, forming the woven trabeculae that make up a spongy bone. The vascularized 

mesenchyme condenses on the external surface of the woven bone, forming the 

periosteum. Around the trabecular bone, this osteoid will consolidate to produce a thin 

layer of lamellar bone (cortical/compact bone) [39] (Figure 2.6). 
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2.1.2.2. Bone modelling and remodelling 
 

The human skeleton undergoes modifications during life. This is primarily defined by 

bone modelling and remodelling during childhood and adulthood. 

Bone modelling promotes the growth of bones and is required to maintain bone strength. 

During this process, osteoblasts produce more bone, which leads to an increase in the bone 

density without the need for osteoclasts to reabsorb bone first. This process occurs during 

the growth period in childhood or when the bone is exposed to mechanical overload (as 

an adaptation to the physical pressure or part of a fracture healing process). The activities 

of osteoblasts and osteoclasts are uncoupled during bone modelling. These cells work 

simultaneously but at distinct locations [40]. 

The bone grows and develops through two different mechanisms: longitudinal interstitial 

bone growth and appositional bone growth.  

Longitudinal interstitial bone growth: 

The proliferation and hypertrophy of chondrocytes in the growth plate are essential for 

longitudinal growth [41]. The development plate has five zones of differentiation during 

the growth period: Zone I is the zone of resting cartilage that is closest to the epiphysis. It 

is characterised by extremely slow chondrocyte proliferation on the top of the growth 

plate; Zone II: the proliferative zone, where the chondrocytes undergo rapid mitosis and 

align into columns; Zone III: the hypertrophic zone, where the chondrocytes stop dividing 

and start growing; Zone IV: the calcified zone, which is close to the diaphysis, where the 

cartilaginous matrix starts to calcify; and Zone V: the zone of ossification, where the blood 

vessels invade the spaces between the chondrocytesô columns [42] (Figure 2.7). 
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The growth rate is rapid during the first year of life, then slows for a decade before 

increasing dramatically throughout puberty [43]. No further longitudinal growth may 

occur once the chondrocytes that are present at the epiphyseal plate stop proliferating, and 

the cartilage is replaced by ossified tissue (epiphyseal fusion) [44]. 

Appositional bone growth: 

Bone production and reabsorption both occur during this growth process [45]. 

Intramembranous ossification expands the long bone diameter at the diaphysis. 

Osteoblasts play a role in adding bony tissue to the periosteal surface through a process 

called periosteal apposition. At the same time, the endocortical resorption process leads to 

marrow expansion (osteoclasts resorb the bone matrix along the medullary cavity). The 

metaphysis is remodelled to accommodate the changes in diaphysis size. Appositional 

growth not only affects the diameter of the diaphysis but also increases the diameter of 

the medullary cavity [46] and [47] (Figure 2.8).  

Table 2.1. The difference between interstitial and appositional bone growth 

 LƴǘŜǊǎǝǝŀƭ ōƻƴŜ ƎǊƻǿǘƘ !ǇǇƻǎƛǝƻƴŀƭ ōƻƴŜ ƎǊƻǿǘƘ 

DǊƻǿǘƘ [ƻƴƎƛǘǳŘƛƴŀƭ ƎǊƻǿǘƘ  

¢ƘŜ ƎǊƻǿǘƘ ǘƘŀǘ ƛƴŎǊŜŀǎŜǎ ōƻƴŜ 

ƭŜƴƎǘƘΦ 

wŀŘƛŀƭ ƎǊƻǿǘƘ 

¢ƘŜ ƎǊƻǿǘƘ ǘƘŀǘ ƛƴŎǊŜŀǎŜǎ ōƻƴŜ ǿƛŘǘƘΦ 

 DǊƻǿƴ ŦǊƻƳ ǿƛǘƘƛƴΦ DǊƻǿƴ ŦǊƻƳ ƻǳǘǎƛŘŜΦ 

{ƛǘŜ ƻŦ 

ƎǊƻǿǘƘ 

Lǘ ƻŎŎǳǊǎ ŀǘ ǘƘŜ ŜǇƛǇƘȅǎŜŀƭ ǇƭŀǘŜΦ  Lǘ ƻŎŎǳǊǎ Ƴŀƛƴƭȅ ŀǘ ŘƛŀǇƘȅǎƛǎ ŘǳŜ ǘƻ 

ǘƘŜ ŘŜǇƻǎƛǝƻƴ ƻŦ ōƻƴȅ ǝǎǎǳŜ ǘƻ ǘƘŜ 

ǇŜǊƛƻǎǘŜŀƭ ǎǳǊŦŀŎŜ ŀƴŘ ǘƘŜ ǊŜƳƻǾŀƭ ƻŦ 

ōƻƴȅ ǝǎǎǳŜ ŦǊƻƳ ǘƘŜ ŜƴŘƻǎǘŜǳƳ ƛƴ ǘƘŜ 

ōƻƴŜ ƳŜŘǳƭƭŀǊȅΦ 

aŜŎƘŀƴƛǎƳ 

ƻŦ ƎǊƻǿǘƘ  

wŜǎǳƭǝƴƎ ŦǊƻƳ ǘƘŜ ǇǊƻƭƛŦŜǊŀǝƻƴ ƻŦ 

ŎƘƻƴŘǊƻŎȅǘŜǎΦ 

wŜǎǳƭǝƴƎ ŦǊƻƳ ǘƘŜ ŘƛũŜǊŜƴǝŀǝƻƴ ƻŦ 

ƳŜǎŜƴŎƘȅƳŀƭ όǇŜǊƛŎƘƻƴŘǊŀƭύ ŎŜƭƭǎΦ 
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CŀŎǘƻǊǎ ǘƘŀǘ 

ŜƴƘŀƴŎŜ 

ƎǊƻǿǘƘ ώпуπ

рмϐ 

¶ DǊƻǿǘƘ ƘƻǊƳƻƴŜ ŀƴŘ ƛƴǎǳƭƛƴπ

ƭƛƪŜ ƎǊƻǿǘƘ ŦŀŎǘƻǊπм όDIκLDCмύ 

Ǉƭŀȅ ŀƴ ƛƳǇƻǊǘŀƴǘ ǊƻƭŜ ƛƴ ǘƘŜ 

ǇǊƻƭƛŦŜǊŀǝƻƴ ƻŦ ŎƘƻƴŘǊƻŎȅǘŜǎ 

ƛƴ ǘƘŜ ƎǊƻǿǘƘ ǇƭŀǘŜΦ 

¶ ¢ƘȅǊƻƛŘ ƘƻǊƳƻƴŜ ŀƴŘ ƭŜǇǝƴ 

Ŏŀƴ ǊŜƎǳƭŀǘŜ ǘƘŜ ǇǊƻƭƛŦŜǊŀǝƻƴ 

ŀƴŘ ŘƛũŜǊŜƴǝŀǝƻƴ ƻŦ 

ŎƘƻƴŘǊƻŎȅǘŜǎ ŀƴŘ Ǉƭŀȅ ŀƴ 

ƛƴŘƛǊŜŎǘ ǊƻƭŜ ƛƴ ǘƘŜ ƎǊƻǿǘƘ 

ǇƭŀǘŜΦ 

¶ [ƻǿπƭŜǾŜƭ ƻŜǎǘǊƻƎŜƴ ŘǳǊƛƴƎ 

ǘƘŜ ŎƘƛƭŘƘƻƻŘ ǇŜǊƛƻŘΦ 

¶ !ƴŘǊƻƎŜƴǎ όƛƴ ƳŀƭŜǎύ 

ǎǝƳǳƭŀǘŜ ŎƘƻƴŘǊƻŎȅǘŜ 

ǇǊƻƭƛŦŜǊŀǝƻƴΣ ƳŀǘǊƛȄ 

ǇǊƻŘǳŎǝƻƴΣ ŀƴŘ LDCм 

ǎŜŎǊŜǝƻƴΦ 
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2.1.2.3. Bone remodelling 
 

Bone remodelling is a physiological process characterised by the resorption of old or 

mature bone tissue and the concurrent formation of new bone tissue in response to various 

mechanical and metabolic stimuli. This dynamic process of bone turnover persists 

throughout life, with bone formation and resorption occurring at varying rates. 

Remodelling prevents bone from being mechanically damaged and maintains its strength 

and mineral homeostasis. The remodelling process occurs mainly through the activities of 

the osteoclast and osteoblast on both cortical and trabecular bone surfaces [55].  

The remodelling process occurs in four phases: activation, resorption, reversal, and 

formation (Figure 2.9) [40, 56]. During the activation phase, osteocytes sense the cracks 

and microdamage in bone and initiate remodelling [57]. The osteoblasts drive the RANKL 

(Receptor Activators of Nuclear Factor-kappa B Ligand) pathway, which is a member of 

the tumour necrosis factor (TNF) cytokine family. RANKL is expressed by osteoblasts 

and then binds to RANK receptors on monocytes to transform them into osteoclasts [58, 

59]. Once osteoclasts have been generated, the absorption and degradation of bone 

matrices begin (the resorption phase). Subsequently, monocytes, macrophages, and 

osteoblast precursors are recruited to clear the area, and pre-osteoblast cells mature into 

osteoblasts. This stage is called the reversal phase. During the formation phase, osteoblasts 

start bone formation through matrix deposition. Finally, the osteoblasts differentiate into 

osteocytes (responsible for bone mineralization) and bone lining cells, and the remaining 

osteoblasts undergo apoptosis before entering the resting phase [56]. Bone remodelling is 

regulated by various factors, such as ethnicity, mechanical factors, nutrition, and 
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hormones like growth hormone, insulin growth factor 1, androgen, oestrogens, and 

parathyroid hormones [60].  

 
Figure 2.9. Bone remodelling 
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2.1.3. Bone health  
 

The term "bone health" encompasses a broad concept that not only covers bone quality 

but also encompasses the structural properties, mechanical characteristics, nutritional 

status, and mineral composition of bone. The cornerstone for evaluating bone health is the 

ability of the bone to resist fracture, which is determined by the degree of bone strength 

and stiffness. However, the ability of bone to resist fracture is determined not only by the 

quantity of bone tissue and bone minerals but also by the quality of the bone. Although 

bone density plays a significant role in bone strength, it is essential to recognise that 

various other factors also have considerable impacts. These factors encompass bone 

microarchitecture, the shape and geometry of bones, as well as the intrinsic properties of 

the bone matrix, such as the mineral content and collagen composition [61].  

The bone must be rigid and stiff in order to resist deformation when a loading force (stress) 

is applied to it and sufficiently flexible to absorb energy through changes in its dimensions 

(strain). The relationship between stress and strain on bone follows a curve called the 

stress-strain curve [62] (Figure 2.10). 

 
Figure 2.10. Shows the stress-strain curve of bone, with the orange line (slope) representing ǘƘŜ ¸ƻǳƴƎΩǎ 
modulus.  
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A stress-strain curve can be used to calculate bone strength, stiffness, and other 

biomechanical properties by plotting the stress and strain values. The slope of this curve 

is called Young's modulus, which represents stiffness (the degree to which the bone can 

resist deformation). The area under the curve represents the amount of energy that is 

required to cause fractures. This area reflects the toughness of the bone. When the area 

under the curve is larger, the bone is stronger and can tolerate higher loads of fracture. 

The stress-strain curve is separated into two regions (the elastic strain region and the 

plastic strain region) by a point called the yield point. At this point, the curve becomes 

nonlinear [61, 62]. 

When a loading force (stress) is applied to the bone, strain will occur. When the stress is 

increased, the strain increases until it reaches the yield point. The bone can return to its 

normal shape when the load is removed before reaching the yield point (the elastic region). 

If the stress continues beyond this point, micro-damage begins to appear, leading to the 

deformation of the bone (the plastic part). If the stress continues to increase, the bone will 

reach the failure point and may fracture [62]. Bone strength is evaluated by measuring 

yield points, stiffness (Youngôs modulus), as well as ultimate stress and strain.  

Generally, bones with a higher failure point are more capable of resisting stress. In 

contrast, fragile bones have a diminished threshold for failure and are unable to resist 

stress, which leads to fractures with minimal trauma. Assessing bone stiffness and 

estimated failure load based on finite element analysis using novel imaging modalities, 

such as HR-pQCT and HR-MRI scanners, can provide predictive insights into fracture 

risk. 
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2.1.3.1. Bone mineral density (BMD) 
 

Bone density is the amount of minerals (such as calcium and phosphorus) inside the bone 

tissues. It serves as an important indicator of bone strength and integrity, directly 

influencing the bone's ability to withstand external forces and resist fractures.  

The volumetric bone mineral density (vBMD) is the amount of minerals measured per 

unit volume of bone tissue. 

vBMD (g/cm3) = BMC (g) / Bone volume (cm3) 

The areal bone mineral density (aBMD) is a surface-related density that measures the bone 

mineral mass per unit area of bone [63]. It can measure the length and width of bones but 

cannot measure bone depth [64].   

aBMD (g/cm2) = BMC (g) / Bone area (cm2) 

Bone density is classified into two types based on bone compartments: cortical and 

trabecular densities. Cortical bone mineral density (Ct.vBMD) reflects the density of the 

mineralized bone matrix in the cortical bone. However, this portion is a dense, compact 

bone with a small proportion of pores, lacunae, and canaliculi. In contrast, trabecular bone 

density (Tb.vBMD) is the density of the trabecular bone tissue (trabecular network) within 

the mass of bone marrow [65]. The volume required to determine density is the volume 

occupied by the bone matrix after excluding bone marrow space, osteons, lacunae, and 

canaliculi, which is referred to as the true bone density [66]. As a result, Ct.vBMD might 

be considered the "true" vBMD of the bone because it forms nearly all of the solid portion 

of bone [64].   
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Numerous factors affect BMD, including genetics, ethnicity, sex, diet, hormones, and 

daily activities [67, 68]. Genetic factors are considered the principal elements affecting 

bone mass. Twin studies established that genetics control up to 80% of the peak bone 

mass, while hormonal and environmental factors determine only 20% during childhood 

and adolescence [69-71].  Age and sex have direct effects on bone density. Before puberty, 

there is no significant gender difference in aBMD. Later, the bone size rises during puberty 

(in males more than females), but the vBMD in the long bones remains consistent for both 

genders [72, 73]. By the end of puberty, the bone size in males has become more 

significant than that in females due to the greater periosteal deposition in malesô bones, 

which explains the strength of the bone and its superior resistance to mechanical forces in 

males [74].  

Ethnicity also influences bone density. Several studies have focused on aBMD among 

different ethnic groups. These studies found that the aBMD in the hip and lumbar spine is 

higher in Afro-American and Afro-Caribbean men than in Caucasian men [75-77]. This 

suggests that individuals from these ethnic backgrounds may have a denser bone structure 

in these specific areas, which leads to greater bone strength and reduced fracture risk. This 

difference in bone density among ethnic groups may be due to a combination of different 

factors, such as genetic factors, lifestyle habits, dietary patterns, and environmental 

influences [78].  

Maintaining a healthy lifestyle involves various aspects, such as maintaining a healthy 

body weight, consuming nutritious foods rich in calcium, vitamins, and protein, and 

participating in regular physical activity, especially weight-bearing exercises. These 

practices are essential for optimising peak bone mass and ensuring healthy bones [79, 80]. 
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Measuring BMD alone to assess bone health and predict fracture risk remains 

controversial [81, 82]. BMD is still unable to recognise individuals who are more 

susceptible to fracture. BMD can measure the mineral content of bone but cannot provide 

any information about its geometry, quality, or microarchitecture.  

The fracture risk assessment tool (FRAX), a predictive model developed by the University 

of Sheffield, was designed to identify people who may be at risk of fractures in the future. 

It uses BMD (as measured by DXA), age, gender, previous fractures, and personal details 

such as height, weight, medical history, and family history to offer a more comprehensive 

picture of the fracture risk. The FRAX algorithms calculate the 10-year fracture 

probability and estimate if someone is at risk of developing osteoporosis during the 

following ten years. The results are a 10-year hip fracture probability and a 10-year 

significant osteoporotic fracture probability (spine, forearm, shoulder, or hip fracture). 

This model cannot be applied to children and young adults because FRAX was designed 

for individuals aged between 40 and 90 years old [83].  

In addition to BMD, other factors, such as bone microarchitecture and geometry, should 

be addressed when assessing bone health in children and young adults. These parameters 

provide a more comprehensive understanding of bone strength and fracture risk and allow 

healthcare providers to identify individuals at risk of fractures and personalise therapies 

for the best bone health results. 
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2.1.3.2. Bone microarchitecture 
 

Bone microarchitecture is the complex structural arrangement and organisation of bone 

tissue at the microscopic level, which plays an essential role in determining bone strength 

and mechanical properties. Previously, bone samples had been examined under a 

microscope to measure bone microarchitecture. However, novel imaging modalities now 

offer non-invasive approaches for evaluating bone microstructure [84-87]. These methods 

use technologies such as high-resolution peripheral quantitative computed tomography 

(HR-pQCT), high-resolution magnetic resonance imaging (HR-MRI), and micro-

computed tomography (ɛCT) to assess the bone microstructure without the need for 

invasive procedures.  

Trabecular and cortical microarchitecture assessments are essential for detecting 

underlying bone disorders, determining disease progression, assessing any therapeutic 

effects, and predicting possible fractures [88-92]. Many studies have demonstrated that 

bone microstructures may identify individuals with early-stage low bone mineral density 

before the changes appear in BMD, as measured by DXA [93-95].  

A large prospective multinational study including eight cohorts was conducted to assess 

the ability of bone microstructure to predict incident fracture risk in 7,254 older men and 

women [96]. Samelson et al. found that bone microarchitecture and FEA parameters, such 

as the failure load, may predict fracture risk without regard to BMD. This finding aligns 

with Devaraja et al.ôs results. They conducted a prospective cohort study involving 22 

adolescents diagnosed with type 1 diabetes mellitus (T1DM). These patients were 

matched by age, gender, and pubertal stage with healthy controls. This study revealed that 
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changes in bone microarchitecture were observed in the T1DM patients before changes in 

DXA-derived BMD. Moreover, HR-pQCT shows that individuals with T1DM have an 

altered trabecular and cortical microarchitecture, as well as reduced bone strength as 

determined by FEA, when compared with matched healthy controls [94].  

Those seeking to understand and analyse trabecular parameters have aimed to evaluate 

trabecular bone's structural integrity and strength. Trabecular microstructure parameters, 

such as trabecular thickness (Tb.Th), trabecular separation (Tb.Sp), trabecular number 

(Tb.N), trabecular inhomogeneity (Tb.1/N.SD), and trabecular bone volume fracture 

(BV/TV), are important elements of bone strength and fracture risk in both children and 

adults.  

Numerous studies have demonstrated how the trabecular bone parameters might serve as 

a valuable indicator of bone health in children and young people [94, 97]. A prospective 

study was conducted on 37 X-linked hypophosphatemic rickets (XLH) patients (including 

children). These patients were compared to healthy controls of the same age and gender 

to assess their bone density and bone microarchitecture using different imaging techniques 

(DXA and HR-pQCT) [98]. The findings show that the patients with XLH had lower Tb.N 

and higher Tb.Sp and Tb.1/N.SD compared to the healthy controls, which means that the 

XLH patients had fewer trabecular elements and larger gaps between their bone tissue. 

This situation leads to an increase in bone fragility and affects the ability of bone to resist 

fractures.  

The cortical microstructure parameters, including cortical thickness (Ct.Th) and cortical 

porosity (Ct.Po), also play a significant role in influencing bone strength and its 
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mechanical properties [99, 100]. Decreased Ct.Th [99] and increased Ct.Po [100] have 

been associated with a deterioration in bone strength. Numerous studies have 

demonstrated that the cortical shell is responsible for carrying 39-90% of the axial load 

[101-103]. For this reason, any alteration in the cortical bone microarchitecture directly 

affects the boneôs tolerance to tension and compression.  

Cortical porosity (Ct.Po) is considered a vital bone microarchitecture parameter affecting 

bone strength. It refers to the volume of pores (the marrow cavity, vascular porosity, 

lacunar-canalicular porosity, and nano-porosity at the level of the collagen and 

hydroxyapatite crystals) within the cortical bone, and it is measured as a fraction of the 

boneôs overall volume. A higher fraction of  Ct.Po usually suggests lower bone density 

and an increased risk of fractures [103]. McCalden et al. [104] observed in their research 

that about 76% of the variation in the tensile strength of cortical bone could be explained 

by cortical porosity. That means when the cortical pore increased, the bone strength 

dropped. 

A cross-sectional study was conducted to determine if a recent distal forearm fracture 

(DFF) is associated with deficits in bone microstructure and strength compared to non-

fracture controls [97]. The researchers evaluated cortical and trabecular bone 

microstructure at the distal radius and tibia in 115 children with a recent DFF and 108 

healthy controls aged 8 to 15. In this study, the children with DFF had a significantly lower 

cortical area (Ct.Ar) and Ct.Th and higher Ct.Po than the controls, which highlights the 

importance of evaluating the cortical bone parameters to provide valuable insights into 

bone quality and fracture resistance. 
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Measuring and evaluating bone microarchitecture becomes essential for understanding 

and managing chronic diseases like kidney disease and diabetes. It was apparent that these 

patients had had an altered bone microstructure and strength from the start of their illness 

[105-107]. Patients with chronic kidney disease have impairments in their cortical bone 

architecture more than in their trabecular bone due to the association between cortical 

bone and the parathyroid hormone and its role in regulating the calcium and minerals in 

the body [108-110]. Understanding the association between bone microstructure and 

chronic illness, as well as the impact of medication on bone, allows the accurate diagnosis 

and treatment of these individuals. The early diagnosis of changes in bone architecture 

aids the application of appropriate therapies and treatments for maintaining optimal bone 

health and prevents the problems associated with bone fragility and fractures [105, 111].  

Table 2.2. Describes the most essential cortical and trabecular parameters that were 

obtained from the HR-pQCT scanner using an approach detailed by Burghardt et al. [112]. 

(This table was adapted from Burghardt et al. [112], Wang et al. [113], Fuller et al. [114], 

and Alshamraniôs thesis [115]). 
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ǎǇŜŎƛŬŜŘ ǾƻƭǳƳŜ ƻŦ ǘǊŀōŜŎǳƭŀǊ ōƻƴŜΦ 

ƳƳо 

¢ǊŀōŜŎǳƭŀǊ ƴǳƳōŜǊ ό¢ōΦbύ ¢ƘŜ ŀǾŜǊŀƎŜ ƴǳƳōŜǊ ƻŦ ǘǊŀōŜŎǳƭŀŜ ǇŜǊ ǳƴƛǘ 

ƭŜƴƎǘƘ ƻŦ ōƻƴŜ ǝǎǎǳŜ 

мκƳƳ 

¢ǊŀōŜŎǳƭŀǊ ōƻƴŜ ǾƻƭǳƳŜ 

ŦǊŀŎǝƻƴ ό.±κ¢±ύ 

¢ƘŜ Ǌŀǝƻ ōŜǘǿŜŜƴ ǘƘŜ ǘǊŀōŜŎǳƭŀǊ ōƻƴŜ ǾƻƭǳƳŜ 

ŀƴŘ ǘƘŜ ǘƻǘŀƭ ǾƻƭǳƳŜ ƻŦ ōƻƴŜ ǝǎǎǳŜ 

҈ 

¢ǊŀōŜŎǳƭŀǊ ǘƘƛŎƪƴŜǎǎ ό¢ōΦ¢Ƙύ ¢ƘŜ ŀǾŜǊŀƎŜ ǘƘƛŎƪƴŜǎǎ ƻŦ ǘƘŜ ǘǊŀōŜŎǳƭŀŜ  

¢ōΦ¢Ƙ Ґ ό.±κ¢±ύκ¢ōΦb 

aƳ 

¢ǊŀōŜŎǳƭŀǊ ǎŜǇŀǊŀǝƻƴ ό¢ōΦ{Ǉύ ¢ƘŜ ŀǾŜǊŀƎŜ ǎǇŀŎŜ ōŜǘǿŜŜƴ ǘƘŜ ǘǊŀōŜŎǳƭŀŜ  

¢ōΦ{Ǉ Ґ όм ς .±κ¢±ύκ¢ōΦb 

aƳ 

¢ǊŀōŜŎǳƭŀǊ ƛƴƘƻƳƻƎŜƴŜƛǘȅ 

ό¢ōΦмκbΦ{5ύ 

{ǘŀƴŘŀǊŘ ŘŜǾƛŀǝƻƴ ƻŦ ǘƘŜ ƛƴǘǊŀπƛƴŘƛǾƛŘǳŀƭ 

ŘƛǎǘǊƛōǳǝƻƴ ƻŦ ǘǊŀōŜŎǳƭŀǊ ǎŜǇŀǊŀǝƻƴ ό{5 ƻŦ ǘƘŜ 

ƛƴǾŜǊǎŜ ƻŦ ǘƘŜ ƴǳƳōŜǊ ƻŦ ǘǊŀōŜŎǳƭŀŜύ 

aƳ 
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2.1.3.3. Finite element analysis (FEA) in bone 
 

FEA in bone refers to utilising the numerical simulation method to evaluate and study the 

different mechanical properties of bone. FEA can divide a complex structure (like bones) 

into small portions in order to study how the forces spread and become displaced within 

these structures. The mechanical characteristics of bone and its ability to maintain a 

particular weight without fracture are affected by several components, such as bone mass, 

bone geometry, bone microarchitecture, boundary condition, and the inherent quality of 

bone tissue [116]. 

FEA has played a significant role in understanding bone mechanical properties, such as 

stiffness, the estimated failure load, and the percentage load carried by the trabecular and 

cortical bone on the distal and proximal surfaces of the volume of interest. These 

mechanical properties reflect bone strength and offer a clue regarding future fracture risk 

assessment [117]. Stiffness and estimated failure load are considered the most essential 

FEA-derived variables used in bone analysis [118].  

Numerous studies have demonstrated the importance of FEA in measuring and predicting 

bone fracture resistance. Boutroy et al. confirmed the efficacy of FEA in identifying 

individuals with a high risk of fracture. They measured vBMD, bone microarchitecture, 

and FE at the radius in 33 postmenopausal women with a history of wrist fracture and 33 

age-matched controls. The results indicated that FEA (which represents boneôs mechanical 

characteristics) may offer more information regarding bone strength and fracture risk in 

the future compared with using vBMD and bone microarchitecture alone [118]. The 

BoMIC study validated the efficacy of FEA for predicting future fractures among a large 
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international cohort of both sexes. They found that the fracture risk predicted by FEA (Cox 

proportional hazard ratio [HR] = 1.82ï1.98) was higher than that predicted by the other 

HR-pQCT density and microstructural parameters (HR = 1.09ï1.44) [96]. 

Both linear and non-linear material analyses can be used in FEA. These types of analyses 

provide information about how these materials react under mechanical stress and in real 

life [119, 120]. Materials are supposed to behave linearly along their stress-strain curve in 

linear material analysis. In contrast, materials are reshaped (moulded) in non-linear 

analysis with advanced stress-strain relationships that vary from linear behaviour and are 

not directly proportionate with the stress-strain curve because the effect of the force travels 

in different directions. However, it is hard to say that bone stiffness always follows the 

linear analysis because it depends on the forces applied and the degree to which the bone 

responds to this load. At the same time, the estimated failure load is considered mainly 

non-linear material analysis due to the complexity of the stress-strain association that 

occurs during the analysis process [119]. 

Stiffness reflects the ability of bone to carry a load without deformity [121]. 

Understanding bone stiffness is critical for anticipating how bone deforms or behaves 

under various stress circumstances. For this reason, many experimental and analytical 

approaches have been used to assess the reaction of bone tissue to mechanical stress when 

measuring stiffness in bone. One of these methods employs FEA to compute stiffness by 

dividing the applied load by the resulting deformation (displacement). By using the elastic 

Youngôs modulus (E), which represents the stiffness of materials, the relation between 

stress (ů) and strain (Ů) is given by Hookeôs law [122, 123]:  
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ů = E Ĭ Ů 

Where stress ů can be calculated by dividing the applied load (F) by the cross-sectional 

area (A) at the application point: 

ů = F / A 

and strain Ů is calculated by dividing the displacement (u) (which is used as a measure of 

deformation) by the original length of bone (L):  

Ů = u / L 

By using Hookeôs law, stiffness (E) is  

E = ů / Ů 

E= (F * L) / (A / u) 

Several studies have demonstrated a significant stiffness reduction among patients with 

osteoporosis [124-126]. Moreover, other studies have found increased bone stiffness as 

measured by FEA following bisphosphonate treatment [127]. These findings reflect the 

ability of bone stiffness as a FEA parameter to evaluate bone health.  

Estimated ultimate failure load (F.ult) is an essential parameter to determine the stress 

threshold at which bone tissue may collapse (fracture) in order to assess the strength and 

predict bone fracture. The ability of bone to resist fracture reflects the individualôs bone 

health. Pistoia et al. provided the cornerstone for understanding and estimating the failure 

load of bone using FEA [128]. The researchers designed an assumption for predicting 

when bones might break under mechanical stress. They anticipated that bone failure would 

occur when a significant portion of the bone tissue was stretched beyond the yield strain. 
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In this assumption, they applied a tissue yield strain of 7000 microstrains on bone tissue, 

leading to load failure when around 5% (1ï7%) of the bone tissue experienced tension 

above the critical strain threshold (Figure 2.11). 

 
Figure 2.11. Shows the effective strain distribution, illustrated as a hypothetical histogram. Copied from 
ά9ǎǘƛƳŀǘƛƻƴ ƻŦ Řƛǎǘŀƭ ǊŀŘƛǳǎ ŦŀƛƭǳǊŜ ƭƻŀŘ ǿƛǘƘ ƳƛŎǊƻ-finite element analysis models based on three-
ŘƛƳŜƴǎƛƻƴŀƭ ǇŜǊƛǇƘŜǊŀƭ ǉǳŀƴǘƛǘŀǘƛǾŜ ŎƻƳǇǳǘŜŘ ǘƻƳƻƎǊŀǇƘȅ ƛƳŀƎŜǎέ (with permission; Licence Number: 
5777890513384) [128]. 
 

Another assumption was developed based on Pistoia's assumption, with some 

modifications. Boutroy et al. assumed that bone failure occurs when a strain (force) of 

3,500 microstrains is applied. The researchers explained that the elastic properties in their 

study were double those used by Pistoia et al. (Young's modulus of 20 GPa and 10 GPa, 

respectively). Boutroy et al. concluded that the mechanical characteristics of bone 

assessed by FEA might be used to evaluate bone strength and predict fracture risk in the 

future more effectively compared with employing BMD or bone architecture alone [118]. 

Many studies have demonstrated that bone with a lower estimated failure load is 

considered to be more liable to undergo fracture and deformity [129, 130]. A recent study 

evaluated the bone microarchitecture and estimated failure load in 128 patients with 

chronic kidney disease (CKD) and 275 controls using HR-pQCT. Ghasem-Zadeh et al. 
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found a significant reduction in bone microarchitecture and estimated ultimate failure load 

in patients with CKD compared to controls [129].  

Other FEA-derived parameters assess the mechanical characteristics of the bone 

compartments (trabecular and cortical bone) and their ability to resist fracture. These 

parameters, like the % trabecular distal load, % trabecular proximal load, trabecular 

average Von Mises stresses, and cortical average Von Mises stresses, can assess the 

distribution of the load carried by the trabecular bone and cortical bone to determine their 

strength and possibility of fracture [127].  

Although the role of bone microstructure and FEA in determining bone strength have 

become clear, it is still being studied, and there is no imaging modality available clinically 

to assess bone strength or predict future fractures in children and young adults. 

Table 2.3. Describes the most important finite element analysis (FEA)-derived 

parameters, which were obtained using the HR-pQCT 

CƛƴƛǘŜ ŦŀƛƭǳǊŜ ŀƴŀƭȅǎƛǎπ
ŘŜǊƛǾŜŘ ǇŀǊŀƳŜǘŜǊǎ όC9!ύ 

5ŜǎŎǊƛǇǝƻƴ ¦ƴƛǘ 

{ǝũƴŜǎǎ ¢ƘŜ ŀōƛƭƛǘȅ ƻŦ ōƻƴŜ ǘƻ ǊŜǎƛǎǘ ŦǊŀŎǘǳǊŜ ŀƴŘ ŘŜŦƻǊƳƛǘȅ 
ǳƴŘŜǊ ƭƻŀŘ 

ƪbκƳƳ 

9ǎǝƳŀǘŜŘ ǳƭǝƳŀǘŜ ŦŀƛƭǳǊŜ 
ƭƻŀŘ όCΦǳƭǘύ 

! ǇǊŜŘƛŎǝƻƴ ƻŦ ǘƘŜ ƳŀȄƛƳǳƳ ƭƻŀŘ ǘƘŀǘ Ŏŀƴ ōŜ 
ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ ōƻƴŜ ōŜŦƻǊŜ ŀ ŦǊŀŎǘǳǊŜ ƻŎŎǳǊǎ 

ƪb 

¢ǊŀōŜŎǳƭŀǊ Řƛǎǘŀƭ ƭƻŀŘ 

ό¢ōΦCκ¢C Řƛǎǘύ 

¢ƘŜ Ǌŀǝƻ ōŜǘǿŜŜƴ ǘƘŜ ƭƻŀŘ ǎǳǇǇƻǊǘŜŘ ōȅ ǘƘŜ 
ǘǊŀōŜŎǳƭŀǊ ōƻƴŜ ŀƴŘ ǘƘŜ ǿƘƻƭŜ ōƻƴŜ ŀǘ ǘƘŜ Řƛǎǘŀƭ ŜƴŘ 

҈ 

¢ǊŀōŜŎǳƭŀǊ ǇǊƻȄƛƳŀƭ ƭƻŀŘ 
ό¢ōΦCκ¢C ǇǊƻȄύ 

¢ƘŜ Ǌŀǝƻ ōŜǘǿŜŜƴ ǘƘŜ ƭƻŀŘ ǘŀƪŜƴ ōȅ ǘƘŜ ǘǊŀōŜŎǳƭŀǊ 
ōƻƴŜ ŀƴŘ ǘƘŜ ǿƘƻƭŜ ōƻƴŜ ŀǘ ǘƘŜ ǇǊƻȄƛƳŀƭ ŜƴŘ 

҈ 

¢ǊŀōŜŎǳƭŀǊ ŀǾŜǊŀƎŜ Ǿƻƴ 
aƛǎŜǎ ǎǘǊŜǎǎ ό¢ōΦ±aύ 

¢ƘŜ ŀƳƻǳƴǘ ƻŦ ǎǘǊŜǎǎ ƻƴ ǘƘŜ ǘǊŀōŜŎǳƭŀǊ ǇƻǊǝƻƴ ƻŦ 
ǘƘŜ ōƻƴŜ  

atŀ 

/ƻǊǝŎŀƭ ŀǾŜǊŀƎŜ Ǿƻƴ aƛǎŜǎ 
ǎǘǊŜǎǎ ό/Φ±aύ 

¢ƘŜ ŀƳƻǳƴǘ ƻŦ ǎǘǊŜǎǎ ƻƴ ǘƘŜ ŎƻǊǝŎŀƭ ǇƻǊǝƻƴ ƻŦ ǘƘŜ 
ōƻƴŜ 

atŀ 
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2.1.3.4. Bone geometry 
 

Bone strength is influenced not just by bone microstructure, but also by bone geometry 

(bone shape); when the bone diameter grows, the bone strength increases as well. Clinical 

findings highlight the crucial role of bone size and shape in mitigating the risk of fractures. 

For instance, a decreased cross-sectional area of the radius increases the risk of wrist 

fracture in young girls and postmenopausal women [131, 132]. Furthermore, individuals 

with smaller vertebral bodies have a higher risk of vertebral fracture [133]. 

Throughout life, bone remodelling and modelling processes regulate bone geometry. As 

mentioned in Section 2.1.2, through bone modelling and remodelling, the bone shape can 

be adjusted, the bone diameter can be increased, and the bone strength can be maintained.  

Several studies have demonstrated that the cortical architecture (cortical thickness, 

diameter, and shape) plays an essential role in bone geometry and affects bone strength 

[134, 135]. However, Davison et al. (2006) demonstrated that bone strength increases 

when a long bone's periosteal and endosteal diameters rise [136]. This can occur by either 

expanding the boneôs diameter with an unchanged cortical thickness or even making it 

thinner. Otherwise, bone strength can also rise by increasing the cortical thickness with no 

change in the bone diameter. 
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2.1.4.  Osteoporosis in children 
 

Osteoporosis, a condition that affects childrenôs and adultsô bones, is characterised by low 

BMD and several alterations in bone microarchitecture. These alterations make bones 

more fragile and increase the risk of fractures (Figure 2.12). According to the International 

Society for Clinical Densitometry (ISCD); ñpaediatric osteoporosis is defined as the 

presence of vertebral compression (crush) fractures without local disease or significant 

trauma, or the presence of both a clinically significant fracture history (at least one long 

bone fracture in the lower extremity, two long bone fractures in the upper extremity, or 

two or more long bone fractures by the age of 10, and three or more long bone fractures 

by 16 years of age) and bone mineral density (BMD) equal to two or more standard 

deviations (Z-scores) below the age and sex averages, which are measured by the use of 

dual-energy radiograph absorptiometry (DXA).ò [137, 138]. 

CƛƎǳǊŜ нΦмнΦ {Ƙƻǿǎ ǊŜŎƻƴǎǘǊǳŎǘŜŘ оπ5 IwπǇv/¢ ƛƳŀƎŜǎ ƻŦ ǘƘŜ ƴƻƴπŘƻƳƛƴŀƴǘ Řƛǎǘŀƭ ǊŀŘƛǳǎ ŦǊƻƳ ŀ 
ōƛǎǇƘƻǎǇƘƻƴŀǘŜπƴŀƠǾŜ ŎƘƛƭŘ όƭŜƊύ ŀƴŘ ŀ ŎƻƴǘǊƻƭ ƳŀǘŎƘŜŘ ŦƻǊ ŀƎŜΣ ǎŜȄΣ ŀƴŘ ŜǘƘƴƛŎƛǘȅ όǊƛƎƘǘύ 
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The early identification and recognition of osteoporosis in children and young people is 

essential for establishing an accurate diagnosis of the underlying illness and initiating 

therapy if indicated. Regular bone density measurements and skeletal health evaluations 

have been recommended for children and adults with recurrent fractures, bone 

deformities, and bone disease [139]. DXA and vertebral fracture assessments (VFA) are 

the main imaging modalities utilised to examine bone quality and evaluate bone mass in 

children and young adults. Several studies and reviews have indicated that osteoporosis 

in children is classified into two types: primary osteoporosis and secondary osteoporosis 

[140, 141].  

Primary osteoporosis is considered a relatively uncommon disorder and is an inherent 

bone abnormality that leads to increased bone fragility and decreased bone density. It 

includes juvenile idiopathic osteoporosis and osteoporosis-pseudoglioma syndrome. 

Osteogenesis imperfecta (OI) is one of the most common forms of primary osteoporosis. 

This disorder causes increased bone fragility and reduced bone mass. The underlying 

mechanism of OI is the presence of abnormal or insufficient type I collagen. 

Approximately 90% of cases with OI have a mutation in either 

the COL1A1 or COL1A2 genes that code the proŬ1 and proŬ2 chains of type I procollagen 

[24, 142]. Based on clinical and radiographic criteria, the Sillence classification of 1979 

classified osteogenesis imperfecta into four types: type I (mild), type II (lethal), type III 

(severe, progressively deforming), and type IV (moderate to severe) [143, 144] (Table 

2.4). The Sillence classification of OI has now been expanded to include more than 19 

phenotypes of OI [145, 146]. The genetic mutation responsible for OI disturbs the normal 
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arrangement and elasticity of collagen. This alternation influences the amount of collagen 

in the bone and the bone microstructure in general (both cortical and trabecular bone) 

[146, 147]. Consequently, OI patients become more susceptible to fracture and deformity 

due to minor traumas. 

Table 2.4. Osteogenesis imperfecta (OI): genetic causes and phenotypic 

Type Clinical severity Typical features Associated mutations 

I Mild, non-

deforming OI 

Normal height or mild short stature; blue 

sclera; no dentinogenesis imperfecta 

Premature stop codon 

in COL1A1 

II Perinatal lethal OI Multiple rib and long-bone fractures at birth; 

pronounced deformities; broad long bones; 

low density of skull bones on radiographs; 

dark sclera 

Glycine substitutions 

in COL1A1 or COL1A2 

III Severely deforming 

OI 

Very short; triangular face; severe scoliosis; 

greyish sclera; dentinogenesis imperfecta; 

hearing loss. 

Glycine substitutions 

in COL1A1 or COL1A2 

IV Moderately 

deforming OI 

Moderately short; mild to moderate scoliosis; 

greyish or white sclera; dentinogenesis 

imperfecta 

Glycine substitutions 

in COL1A1 or COL1A2 

V Moderately 

deforming OI 

Mild to moderate short stature; dislocation of 

radial head; mineralised interosseous 

membrane; hyperplastic callus; white sclera; 

no dentinogenesis imperfecta 

Unknown 

VI Moderately to 

severely deforming 

OI 

Moderately short; scoliosis; accumulation of 

osteoid in bone tissue; fish-scale pattern of 

bone lamellation; white sclera; no 

dentinogenesis imperfecta 

Unknown 

VII Moderately 

deforming OI 

Mild short stature; short humeri and femora; 

coxa Vara; white sclera; no dentinogenesis 

imperfecta 

Unknown 
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Secondary osteoporosis can also affect children and young adults due to various 

underlying factors, such as certain medical conditions or medications. As with adults, 

secondary osteoporosis in children causes reduced bone mineral density and alterations in 

bone microstructure. These changes can lead to an increased risk of fractures and other 

skeletal complications, which can significantly impact their overall health and quality of 

life. Therefore, early identification and management of the underlying causes of secondary 

osteoporosis are essential to optimise bone health and prevent long-term complications. 

Medical conditions that can contribute to secondary osteoporosis in children and young 

adults include malignancy, inflammatory diseases, chronic renal diseases, immobility, and 

hormonal disturbances like hypogonadism or hyperthyroidism (Table 2.5). Additionally, 

the long-term administration of certain medications, for example, chemotherapy and 

glucocorticoids, has a harmful effect on the development of healthy bone tissue. In 

general, these medications disrupt the intricate balance of bone remodelling by reducing 

osteoblast proliferation and inhibiting protein synthesis, which are essential processes of 

bone formation [52]. Concurrently, they stimulate osteoclastic activity, leading to 

accelerated bone resorption [53]. These combined effects lead to a progressive reduction 

in bone mineral density and an increase in the susceptibility to fractures in children and 

adults.  
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Table 2.5. Chronic illnesses that cause secondary osteoporosis 

LƴƅŀƳƳŀǘƻǊȅ ŀƴŘ ƛƳƳǳƴƻƭƻƎƛŎŀƭ ŘƛǎƻǊŘŜǊǎ ¶ LƴƅŀƳƳŀǘƻǊȅ ōƻǿŜƭ ŘƛǎŜŀǎŜ 

¶ {ȅǎǘŜƳƛŎ ƭǳǇǳǎ ŜǊȅǘƘŜƳŀǘƻǎǳǎ 

¶ /ȅǎǝŎ ŬōǊƻǎƛǎ  

¶ /ƘǊƻƴƛŎ ƭƛǾŜǊ ŘƛǎŜŀǎŜ 

¶ wƘŜǳƳŀǘƻƛŘ ŀǊǘƘǊƛǝǎ 

¶ wŜƴŀƭ ŦŀƛƭǳǊŜ ŀƴŘ ŎƘǊƻƴƛŎ ƪƛŘƴŜȅ 

ŘƛǎŜŀǎŜ 

¶ /ŜƭƛŀŎ ŘƛǎŜŀǎŜ  

LƳƳƻōƛƭƛǎŀǝƻƴ όƳƻǾŜƳŜƴǘ ǊŜǎǘǊƛŎǝƻƴύ ¶ /ŜǊŜōǊŀƭ Ǉŀƭǎȅ 

¶ 5ǳŎƘŜƴƴŜ aǳǎŎǳƭŀǊ 5ȅǎǘǊƻǇƘȅ 

¶ tŀǊŀǇƭŜƎƛŀ ŀƴŘ ǎǇƛƴŀ ōƛŬŘŀ 

9ƴŘƻŎǊƛƴŜ ŀƴŘ ƳŜǘŀōƻƭƛŎ ŘƛǎǘǳǊōŀƴŎŜǎ ¶ ¢ǳǊƴŜǊ ǎȅƴŘǊƻƳŜ 

¶ IȅǇŜǊǘƘȅǊƻƛŘƛǎƳ 

¶ IȅǇŜǊǇŀǊŀǘƘȅǊƻƛŘƛǎƳ 

¶ IȅǇƻƎƻƴŀŘƛǎƳ 

¶ /ǳǎƘƛƴƎΩǎ ǎȅƴŘǊƻƳŜ 

.ƭƻƻŘ ŘƛǎŜŀǎŜǎ ¶ π̡¢ƘŀƭŀǎǎŜƳƛŀ ƳŀƧƻǊ 

¶ IŀŜƳƻǇƘƛƭƛŀ 

¶ {ƛŎƪƭŜ ŎŜƭƭ ŘƛǎŜŀǎŜ 

bŜƻǇƭŀǎǝŎ ŘƛǎŜŀǎŜǎ ŀƴŘ ŎƘŜƳƻǘƘŜǊŀǇȅ 

ǘǊŜŀǘƳŜƴǘ 

¶ !ŎǳǘŜ ƭȅƳǇƘƻōƭŀǎǝŎ ƭŜǳƪŀŜƳƛŀ 

¶ bŜǳǊƻōƭŀǎǘƻƳŀ 

¶ !ƊŜǊ ŎƘŜƳƻǘƘŜǊŀǇȅ ǘǊŜŀǘƳŜƴǘ 

[ƻƴƎ ǘŜǊƳ ƳŜŘƛŎŀǝƻƴ  ¶ DƭǳŎƻŎƻǊǝŎƻƛŘǎ 

¶ LƳƳǳƴƻǎǳǇǇǊŜǎǎŀƴǘǎ 

¶ !ƴǝπŜǇƛƭŜǇǝŎǎ 

¶ !ƴǝŎƻŀƎǳƭŀƴǘǎ 

¶ aŜŘǊƻȄȅǇǊƻƎŜǎǘŜǊƻƴŜ 

bǳǘǊƛǝƻƴŀƭ ŘŜŬŎƛŜƴŎƛŜǎ  ¶ aŀƭƴǳǘǊƛǝƻƴ 

¶ aŀƭŀōǎƻǊǇǝƻƴ 

¶ ±ƛǘ 5 ŘŜŬŎƛŜƴŎȅ 

¶ /ŀƭŎƛǳƳ ŘŜŬŎƛŜƴŎȅ 
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The management of osteoporosis in children and young adults depends on several factors, 

including the underlying causes and severity of the disease. A multidisciplinary team 

(MDT) strategy manages these patients optimally. A diet enhanced by food rich in vitamin 

D and calcium is recommended, and regular weight-bearing exercise offers a vital way to 

increase bone strength. Some patients require hormonal supplements, depending on the 

underlying disease. Pharmaceutical management is based on administering osteoporosis-

treating medicines, which enhance bone density and decrease bone turnover. 

Bisphosphonates are currently considered the first-line treatment for bone conditions 

associated with low BMD, such as OI. 

Bisphosphonate works by inducing osteoclasts to undergo apoptosis, thereby inhibiting 

their activity and leading to decreased bone resorption and loss [148]. At the same time, 

there is evidence that bisphosphonate promotes osteoblast proliferation and inhibits the 

apoptosis of osteocytes and osteoblasts (osteoblastogenesis) [149, 150]. Generally, 

bisphosphonate strengthens bones by maintaining the BMD and inhibiting bone 

resorption.  

On the other hand, concerns have been expressed about the long-term use of 

bisphosphonate in both children and adults. Numerous studies have demonstrated the 

adverse effects of long-term bisphosphonate use on the bone [151, 152]. These studies 

revealed that bisphosphonate treatment may cause bone microcracks, leading to decreased 

bone strength, if used over an extended period.  

In a recent study, researchers observed the prolonged impact of bisphosphonate treatment 

on a cohort of 51 adult Caucasian females with osteoporosis [153]. The study aimed to 
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explore the relationship between the duration of bisphosphonate therapy and trabecular 

bone microcrack, a critical indicator of bone quality. Pienkowski et al. found a linear 

correlation between the duration of bisphosphonate treatment and the density of 

microcracks within the bone structure. This result sheds light on the potential long-term 

effects of bisphosphonate therapy on bone health and underscores the need to find 

solutions to prevent these effects over time. Therefore, the use of bisphosphonate in 

children with low BMD should be under the supervision of an expert endocrinologist to 

avoid the side effects of long-term bisphosphonate usage. 
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Section 2: Imaging methods for assessing and evaluating 

bone mineral density and strength in children and young 

adults 

 

Imaging modalities are considered non-invasive methods for measuring bone mineral 

density and evaluating bone strength [154]. During the last three decades, many 

researchers have produced a huge body of work regarding the currently available imaging 

modalities, which have been utilised to evaluate bone health in both children and 

adolescents.  

In this section, we will explore these imaging modalities, discuss their methodologies, 

strengths, and limitations, and also address various authors' arguments about these 

methods. 

2.2.1.     Digital X-ray radiogrammetry (DXR) 
 

2.2.1.1.     Principle of the radiogrammetry technique  
 

In the 1960s, a quantitative method of bone mass evaluation based on old techniques of 

conventional radiography was established. This technique is called radiogrammetry [155]. 

Since then, many research teams have used different approaches based on radiogrammetry 

to assess bone mass [156-158]. Most of these methods were applied to measure cortical 

bone thickness from the mid-point of the second metacarpal bone of the non-dominant 

hand and expressed it as a metacarpal index (MCI) (the ratio of the cortical thickness of 

the metacarpal to the total bone width) or combined cortical thickness (CCT) (the most 

widely used index). These indices can also be regarded as volumetric bone density [155, 
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159]. Despite its simplicity, speed, and ease of application, the precision related to this 

manual technique was poor.  

Recently, digital X-ray radiogrammetry (DXR) has been developed using digital imaging 

systems and computing processes to minimise the percentage of manual analysis errors 

[160, 161]. These systems offer better image quality, faster image capture, and improved 

data storage and analysis compared to the traditional film-based methods. DXR is an 

inexpensive, widely available imaging method. It is considered a safe tool for assessing 

and evaluating bone health in the paediatric population because its radiation dose is 

relatively low (about <1 ɛSv), and it is applied to an extremity rather than to a vital organ. 

Additionally, the availability and validation of normative data on healthy children is 

considered one of DXRôs advantages [162]. 

2.2.1.2.    BoneXpert software  
 

The use of specialised software, such as BoneXpert, improves the capability of DXR, 

enabling the accurate assessment of bone age (BA) and density based on digital hand X-

rays. BoneXpert, as explained by Thodberg et al. (2009), is a web-based software that is 

used primarily to assess BA and bone mass from hand radiographs [162, 163]. BoneXpert 

can assess bone mass by measuring the cortical thickness (T), length (L), and width (W) 

of the three middle metacarpals from hand and wrist radiographs, then express the result 

as a bone health index (BHI) [6].  

The BoneXpert system determines and reconstructs bonesô boundaries automatically. The 

diaphysis boundary is mapped by 64 points, each corresponding to the same anatomical 

location across different subjects. Two points (the proximal and distal ends of the 
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diaphysis) define the bone axis of the metacarpal bone. It is possible to measure the length 

(L) of the bone along this axis. To determine the region of interest (ROI), which is placed 

at 44% from the proximal end of the bone, extend 25% of the length [6]. In this ROI, the 

inner and outer borders of the cortical bone are defined in order to measure the cortical 

thickness (T) and width (W) (Figure 2.13)[164] .  

 
Figure 2.13. The radiographs illustrate the metacarpal measurements and the ROI. The radiograph on the 
left shows the cortical thickness (T), width (W), and medullary diameter (M), and the scan on the right 
shows the length (L) of the middle metacarpal bones. CopƛŜŘ ŦǊƻƳ ά/ƻƳǇŀǊƛǎƻƴ ƻŦ ǊŀŘƛƻƎǊŀƳƳŜǘǊƛŎŀƭ 
ƳŜǘŀŎŀǊǇŀƭ ƛƴŘƛŎŜǎ ƛƴ ŎƘƛƭŘǊŜƴ ŀƴŘ ǊŜŦŜǊŜƴŎŜ Řŀǘŀ ŦǊƻƳ ǘƘŜ CƛǊǎǘ ½ǳǊƛŎƘ [ƻƴƎƛǘǳŘƛƴŀƭ {ǘǳŘȅέ (with permission 
to reuse this figure) [165].   
 
 

2.2.1.3.     Bone health index (BHI) and bone health index standard deviation 

score (BHI SDS) 
 

BoneXpert measured BHI based on the preferred index [paediatric bone index (PBI)], 

which was measured by Thodberg et al. using the following formula: 

                                                                  BHI = T/(LW)O.33 
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Thodberg and his team created this formula based on three old indices of bone mass 

(metacarpal index [155], cortical thickness [166], and the Exton-Smith index [167]), 

which have been used in radiogrammetry. All these indices are based on the following 

formula (assuming that the bone of interest is cylindrical): 

                                                             A=╪ TW(1-T/W). 

Where A is the transverse cortical area (bone volume per area), which is defined as the 

bone volume per projected area [6].  

Thodberg et al. found that the preferred bone index is A/(W 1.33 L 0.33). They adopted the 

measurement unit ɛm0.33 because it leads to PBI values in the convenient range (PBI range 

from 3ï7 years) in their studies.  

The final formula is:                           

BHI = T/(LW)O.33 

This formula was designed to measure the bone health index in children. Based mainly on 

Exton-Smithôs view, the ideal bone index should not be determined by the size of the child 

[167, 168].         

ESI = 100 T (1īT/W)/L 

ESI å A/(WL) 

In Exton-Smithôs formula, the cortical thickness was divided by length to correct for the 

variable size. Thodberg et al. developed this strategy to minimise the mean relative 

standard deviation (MRSD) (SD divided by the mean) and prevent any linear dependence 

of BHI on bone length or thickness.  



 
 

ту 
 

Thodberg et al. determined the precision of BHI measurement by using the retrospective 

longitudinal series of X-rays in previous research (Seiiku study) [6]. They measured the 

BHI three times (PBI1, PBI2, and PBI3) at six-month intervals. They found that the 

precision error was 1.42% for BHI [95% CI: 1.27; 1.57]. Therefore, BoneXpert had far 

higher precision (1.42%) than manual radiogrammetry. 

The BoneXpert software provides a standard deviation score (SDS) for BHI that is 

automatically computed based on a large cohort of healthy Caucasian children. Thodberg 

used the data from the Erasmus study as a BHI reference database for Caucasian children 

[6]. In this study, left hand radiographs from 531 healthy Caucasian children (255 boys) 

were studied. Thodberg used this database instead of another large study (the Sjælland 

study) [169] because the Erasmus study was more recent (1997), and left-hand 

radiographs (the non-dominant hand) were used instead of the right hand. The MRSD for 

BHI in the Erasmus database was 7.5%, as calculated by Thodberg [6].  

Martin et al. also compared radiograms of metacarpal indices in Caucasian children using 

BoneXpert [165]. BHI-SDS was derived from 3,121 left-hand and wrist radiographs from 

231 healthy Caucasian children ranging in age from three to 19 years old. They found that 

the BHI has higher precision and is less height-dependent than other old bone mass indices 

for both genders. The low level of relative variability of BHI makes it suitable for use in 

healthy Danish and Dutch children as an alternative to other indices [6, 162, 165]. 

Several authors have suggested that BHI might play a role in evaluating bone health and 

bone age measurements, not only in healthy children but also in children with short stature 

and precocious puberty [7-9, 170]. Nusman et al. investigated the correlation between 
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BMD assessment from the DXR and DXA measurements in a cohort of juvenile idiopathic 

arthritis (JIA) patients (aged 9ï14 years). In this study, only the absolute score of DXR 

measurements (BHI) was strongly correlated with DXA, while there was no correlation 

between the z-scores derived from DXA and DXR. The authors explained that this may 

have arisen because the z-scores of DXR and DXA were based on different reference 

populations [7].  

Neelis et al. also investigated the relationship between DXA z-scores and BHI z-scores in 

children with intestinal failure between the years 2000 and 2015 [8]. They found that 

children with intestinal failure have lower bone health compared to the reference 

population. The Bland-Altman (BA) plot showed proportionate agreement in this study. 

The authors found that children with a low BHI, as evaluated by DXR, were more 

prevalent than children with a low BMD, as indicated by DXA (50% of the participants 

had a low BHI compared to 24% with a low BMD, as measured by DXA 

Schündeln and his team suggested that BHI describes not only cortical thickness (T), 

which represents aBMD, but also metacarpal length (L) and width (w), which represent 

vBMD [170]. This study represents the ability of BHI to measure vBMD more efficiently 

than DXA, which measures aBMD and provides a two-dimensional projection of a three-

dimensional structure. However, an eight-month gap between performing the DXA scans 

and hand radiographs is considered one of this research's limitations.  

In a recently published study of 293 children, Alshamrani et al. concluded that there 

existed only a weak correlation between their BMD, as measured by DXA and BHI values. 

They suggested this may have arisen because BHI and DXA measure different parameters. 
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Therefore, while DXA cannot be used to predict the risk of fractures in children because 

it only measures areal BMD, BHI might have this potential [9]. 

2.2.1.4. Bone age as measured by BoneXpert software 
 

BoneXpert software was initially designed to assess bone age (BA) based on three 

computational levels, as explained by Thordberg et al. In the first level (layer A), the 

boundaries of 15 bones in hand (including all metacarpal bones) are located and 

reconstructed automatically. In layer B, the maturity values of 13 bones are determined, 

and these values are called the intrinsic bone ages. Finally, the computed intrinsic bone 

ages are converted to confirm with Greulich and Pyle (G&P) and Tanner and Whitehouse 

(TW) bone age, based on the manual assessment of the training set of images; this level 

is called layer C [162, 163, 171]. Although this software has been validated for use as an 

automated BA evaluation method for Caucasian, African American, Hispanic, and 

Asian children in the United States [162], the validity of BoneXpert for other ethnic 

groups, such as African and Asian children residing in Africa and Asia, has not been 

confirmed yet. 

Various software options are available worldwide for assessing bone age based on DXR 

hand and wrist radiographs; for example, the X-posure System (XP, Pronosco X-Posure 

SystemÊ, Version 2.0; Sectra; Linköping, Sweden). However, the Pronosco/Sectra X-

posure method has not been recommended for use in children under ten years because it 

does not offer the ability to adapt the size of the measurement area to suit the size of the 

hand [172]. Van Rijn et al. discovered that, despite the manufacturerôs claim that their 

method is suitable for children aged eight years and over, they observed four unreadable 
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films in children aged nine and ten years. Visual investigations revealed that these films 

were underexposed, which might explain the failure of this system with regard to assessing 

young children [172]. The effectiveness of this software was observed to vary depending 

on factors such as the diameter and length of the metacarpal bones being scanned, with a 

higher success rate for larger bones compared to smaller ones [173]. 

2.2.1.5. Limitations of DXR 
 

Although DXR offers valuable insights into bone health, it is important to note certain 

limitations associated with the radiogram methods (as explained by Thodberg et al., 2010). 

DXR assesses cortical bone and may not effectively evaluate trabecular bone. 

Consequently, the BHI values may not accurately reflect the total bone or trabecular 

density [6].  

Another limitation of radiogrammetry is that measuring BHI from the metacarpal bones 

(from the extremities) might not reflect BMD in other skeletal regions or the whole 

skeleton [174]. These limitations may affect the use of BHI as an accurate approach for 

evaluating bone strength and measuring BMD. BoneXpert cannot measure the BHI and 

BA if the bones are reconstructed inconsistently, or the quality of the image is inadequate. 

The boundaries should be neither too sharp nor too blurred, and the soft tissue noise 

between the metacarpal bones should not be too high [6, 175].  

There is doubt regarding the effectiveness of BHI measurements obtained from 

BoneXpert in children under two years of age. This is due to a lack of reference databases 

based on BHI values for infants. However, based on a Paris longitudinal study [176], a 

new dataset for this age group was created based on measuring MCI [155, 176]. Although 
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the MCI provides valuable insights into bone density, it does not consider the length of 

the bones, which is important in infants and paediatric subjects.  

BoneXpert has become widely used in clinical practice throughout Europe for evaluating 

bone age and bone mass in paediatric patients. Although the use of BoneXpert has not 

received FDA approval in the United States yet, it is important to highlight that controlling 

approval processes might differ between regions and countries. 

2.2.2. Dual-energy x-ray absorptiometry (DXA): 
 

2.2.2.1. Principle of bone densitometry  
 

DXA was developed in the late 1980s and quickly became the most widely used method 

for measuring bone density in adults. DXA is the current standard method for assessing 

bone mineral density in children and adults, as recommended by the International Society 

for Clinical Densitometry (ISCD) [138]. It is a valuable tool for assessing bone density in 

children due to its wide availability, low cost, ease of use, and relatively low radiation 

dose (1ï6 ɛSv) (Figure 2.14) [177, 178].  

 
Figure 2.14. DXA scanner (Horizon® DXA System/Hologic) 
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The main principle underlying DXA is to measure X-ray transmission through the body 

at two different energy levels (high and low energies) to distinguish between soft tissue 

and bone. The bone mineral content (BMC in g) is measured by the X-ray attenuation 

values [179]. The bone area (BA in cm2) is computed by summing the pixels within the 

bone edges of the region of interest (ROI), as delineated by certain software algorithms 

[180, 181]. Both of these values are used to measure the areal bone mineral density 

(aBMD) by dividing BMC by BA (aBMD is expressed in g/cm2). 

These numeric values for aBMD and BMC are meaningless unless matched to a normative 

database [182-184]. Accordingly, the aBMD values are achieved by the (automated) 

calculation of the T or Z scores. The T score is defined as the difference between the BMD 

of the patient and that of a 30-year-old healthy adult (by this age, the bone should have 

reached its peak mineral density) of the same sex and ethnicity. The value is expressed as 

a standard deviation (SD) [185].  

T scores cannot be used in assessing paediatric skeletal status because the bones of 

children are still growing and have not yet reached the peak bone density required to 

determine the T scores [186]. Therefore, the Z score is used instead of the T score in 

children, representing sex-specific, age-adapted standard deviation scores (SDS) [181, 

187].  

Total body less head (TBLH) and lumbar spine (L1-L4) are the preferred skeletal sites for 

assessing bone density in children because total hip or femoral neck bone density 

measurements are neither precise nor reproducible in children. 
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2.2.2.2. Limitations of DXA 
 

DXA measures only aBMD and is unable to measure bone depth (true vBMD), and its 

results depend on a two-dimensional projection of a three-dimensional structure. For this 

reason, many studies have concluded that Z scores are unreliable in children below the 

age of four years and who are small for their age and children with short stature because 

DXA measurements are affected by bone size (Figure 2.15) [188-190]. Therefore, the 

Kidney Disease Outcomes Quality Initiative (KDOQI) guidelines and the International 

Society for Clinical Densitometry (ISCD) do not recommend utilising DXA in children 

with renal diseases [5]. DXA overestimates BMD in tall children and underestimates it in 

small children because the BMD that is measured by DXA is an areal density rather than 

a volumetric density. Hence, the result of an aBMD assessment may be low in patients 

with short stature or high in tall patients with long bones (false results) [179, 191]. To 

obtain appropriate results, the ISCD recommended that DXA results (aBMD and BMC) 

in children suffering from an abnormal growth pattern, delayed sexual maturation, or 

chronic disorders should be adjusted for height or compared to a paediatric database 

containing Z scores for age, sex, and height [192]. 

 
CƛƎǳǊŜ нΦмрΦ hōƧŜŎǘ ǎƛȊŜ ŜũŜŎǘ ƻƴ 5·! ƳŜŀǎǳǊŜƳŜƴǘǎΦ /ǳōŜ ! Ƙŀǎ ŀ ǎƛƳƛƭŀǊ ǾƻƭǳƳŜǘǊƛŎ .a5 ǘƻ ŎǳōŜ .Σ ŜǾŜƴ 
ǘƘƻǳƎƘ ŎǳōŜ . Ƙŀǎ ŀ ōƛƎƎŜǊ ǾƻƭǳƳŜΦ !ŘŀǇǘŜŘ ŦǊƻƳ Ϧ!ŘǾŀƴŎŜǎ ƛƴ ōƻƴŜ ƛƳŀƎƛƴƎ ŦƻǊ ƻǎǘŜƻǇƻǊƻǎƛǎΦϦ ώмрфϐ 
όŀƊŜǊ ǇŜǊƳƛǎǎƛƻƴΤ [ƛŎŜƴŎŜ bǳƳōŜǊΥ рттумпмноттпуύ 
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2.2.2.3.  Algorithmic approaches to mitigating bone size effects in DXA 
 

Different approaches have been established for decreasing the bone size effect on DXA 

via the algorithmic conversion of areal data to define an óapparentô vBMD [189, 193, 194]. 

These methods provide bone mineral apparent density (BMAD) by dividing bone mineral 

content by bone volume rather than area (g/cm3). The Carter algorithm supposed that a 

vertebra is a cube. It assumes that the average vertebral depth is proportional to the square 

root of the total bone area measured by DXA at the lumbar spine (L2-L4).  

BMAD was calculated as BMC/V* or BMC/(Ap)1,5 

Where v* = (Ap)1,5 is the area (height  x  width) times the square root of the area [189]. 

An alternative algorithm was proposed by Kröger, who assumed that a vertebra is a 

cylinder. In this approach, BMD is calculated based on the equation of the volume of the 

cylinder (V).  

V =  r2 h or V =  (A2/4h) 

BMD = BMC/Volume = aBMD (A/Volume) = aBMD (4/) (h/A) 

Where r = radius and h = height [194]. 

The validity of the Kröger algorithm was verified by utilising MRI volumetric data from 

lumbar vertebra imaging (in vivo) [195]. 

The precision of DXA has been investigated in several studies. The coefficient of variation 

for the spine and whole-body bone measurements is less than 1% [196-198]. Although the 

Precision of DXA scanner is best suited to young healthy participants, it is slightly less 

accurate for patients with low bone mineral density and short and/or obese people [199].  
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Several studies have been conducted to find a solution to the bone size dependency of 

DXA. DXA -Z scores, adjusted for height-for-age Z-score (HAZ), may offer a useful 

method for assessing the effect of height (short or tall stature) on BMD measurements, 

according to Zemel et al. (2010). They found that this is the least biassed method for 

evaluating the influence of height on BMD measurements [191].  

Although BMAD gives more information about vBMD (a three-dimensional structure) 

than does aBMD, it has not been confirmed as being able to predict future fracture risk in 

children. DXA can precisely measure BMC but cannot quantify bone size in three 

dimensions since it cannot detect bone depth [138, 200, 201]. Furthermore, DXA cannot 

differentiate between cortical and trabecular bone, as it measures the bone mineral content 

in the whole bone [202].  

The lack of data available on validated correction approaches for children with abnormal 

growth patterns or chronic diseases, combined with the limited normative databases in 

healthy paediatric populations of different ages and ethnicities, is another drawback of 

DXA [3]. Although several studies have been performed to obtain reliable reference data 

for the DXA parameters in children, various challenges have made it difficult to obtain 

reliable references. Recent reference data for the DXA parameters (aBMD and BMAD) 

were gathered from 3,598 healthy children aged between four and 20 years old. The data 

were collected from seven different UK centres. Reference curves, adjusted for age, sex, 

ethnicity, and body size, were produced [184]. This study faced some limitations, such as 

variations in the phantom measurements among the scanners and the lack of in vivo data 

for cross-calibration, which made it difficult to create a single combined dataset. 

Furthermore, the reference data could not represent the general population, as the sample 
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size of white people was larger than that for the South Asian and Afro-Caribbean 

populations. 

2.2.2.4. Vertebral Fracture Assessment (VFA) 
 

According to the definition of osteoporosis by ISCD, many children may have BMD of 

more than two standard deviations (z score) but have suffered a clinically unrecognised 

vertebral fracture. This requires the evaluation of the vertebral bones on a lateral spine 

radiograph. Vertebral fracture assessment (VFA) was designed to detect vertebral 

fractures during BMD assessment using DXA. VFA is conducted during the same visit 

and at the same time as the DXA for BMD assessment, so it reduces the requirement for 

spine radiographs and additional radiation exposure [203, 204].  

Although VFA is a viable approach for identifying vertebral fractures in adults, 

determining vertebral fractures in children is still doubtful. Several studies have been 

conducted to investigate the validity and reliability of VFA regarding the diagnosis of 

vertebral fractures in children. Some of these studies found this method to be valid and 

suitable for use with children [205-208]. In contrast, other studies [209, 210] found that 

VFA is not a reliable method for detecting mild vertebral fractures in children because 

this approach is highly dependent on the experiences of the radiologist and the difficulty 

associated with recognising mild fractures, as well as the lack of standardised protocols 

for diagnosing vertebral fractures in children. Alqahtani et al. [210], in their literature 

review focused on the reliability of using VFA in children, suggested the necessity for a 

semiautomated method designed for paediatric usage. Despite the role of VFA in 
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assessing osteoporosis and treatment effects in children, it cannot neither predict potential 

future fracture risk nor provide full information about bone health and microstructure.   

2.2.2.5. Trabecular Bone Score (TBS) 
 

Recently, there has been an upsurge in interest in developing an additional parameter 

generated from DXA spine scans in order to evaluate trabecular microstructure and offer 

further information on bone health. This measurement is known as the trabecular bone 

score (TBS) [211]. TBS is a textural index that assesses pixel grey level variations in DXA 

lumbar spine scans. TBS is produced using special software, such as TBS Insight® 

software version 3.0.3.0. A large TBS value is associated with a healthier skeletal 

microarchitecture, whereas a low TBS value is correlated with a fragile skeletal 

microarchitecture [212]. 

The researchers have demonstrated that this method can provide valuable information 

about trabecular bone and bone quality in adults. It can be used in association with FRAX 

and BMD to adjust the FRAX-probability of fracture in postmenopausal women and older 

men [213-216]. In contrast, using this method with children remains controversial [217, 

218]. 

There has been some research on utilising TBS to evaluate bone health in children and 

young adults with chronic disease [219, 220], and they found that the TBS was reduced 

in these children compared to healthy children. A recent study developed paediatric 

reference values for TBS, categorised by age and gender, for children and young people 

aged five to 20 years [221]. This paediatric reference data can enhance the use of TBS for 

predicting fractures in children and young people. Further studies are required to assess 
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the applicability of these references in children and to establish reference values for young 

children under the age of five years.  

 

2.2.3. Quantitative Ultrasonography (QUS) 
 

Quantitative ultrasonography (QUS) is an imaging modality that provides quantitative 

information on tissue properties, including bone health assessments [222]. This method 

measures bone parameters and estimates bone mineral status at peripheral skeletal sites, 

such as the calcaneus, phalanges, radius, and tibia. The calcaneus is frequently targeted 

for bone assessment using QUS to avoid the effects of the large amount of soft tissue and 

muscles on bone parameters [223]. QUS measures the attenuation of ultrasonic beams as 

they travel through a specific region of interest (ROI).  

2.2.3.1. Advantages of quantitative ultrasonography 
 

Numerous studies have discussed the possibility of using QUS to evaluate and assess bone 

health in young children and preterm infants [224, 225]. The need for safe, simple, and 

reliable methods for assessing and monitoring bone health in infants and young children 

has increased due to the risk of osteopenia and metabolic bone disease of prematurity. 

QUS has been demonstrated to be a non-invasive method for evaluating bone health in 

preterm newborns, providing significant information on bone mineralization and bone 

disorders [226, 227].  
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Quantitative ultrasonography offers many advantages compared with radiography, DXA, 

and QCT. It is considered one of the safest imaging techniques because it is radiation-free, 

easy, and offers the convenience of bedside examination (portable) [228]. 

2.2.3.2. Principle of quantitative ultrasonography 
 

The first principle of QUS measures the speed of sound (SOS) and broadband ultrasound 

attenuation (BUA) in bone to calculate BMD and bone strength. The second principle is 

to analyse the receiving waves, which reflect the degree of bone elasticity [229]. The 

physical features of a medium, such as bone tissue, influence how sound waves behave 

[230]. These machines generate pulsed acoustic waves with centre frequencies between 

200 kHz and 1.5 MHz. These frequencies vary between the different machines according 

to the design, protocol, and planned applications, such as QUS, which uses higher 

frequencies, like 3 MHz, to detect SOS in bone tissue [231].  

The relationship between SOS and BTT is considerable and represents the dynamic nature 

of bone development and mineralization. SOS, measured in metres per second (m/s), is 

determined as the ratio of the distance travelled by the impulse, which is the distance 

between the probes, to the time it takes for the signal to transmit that distance. This 

parameter is affected by a variety of bone characteristics, including cortical thickness, 

density, microstructure, and elasticity [230, 232].  

On the other hand, BTT, as expressed in dB/MHz, represents the bone quality, regardless 

of the soft tissue effects, allowing for a targeted examination of the bone characteristics 

[233]. It is determined as the difference between the time required for the initial peak of 

the signal to reach its greatest level in bone tissue and the time obtained when only soft 
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tissue exists between the transducers [230]. Some QUS systems include extra factors to 

increase the degree of precision, such as the stiffness index (SI), quantitative ultrasound 

index (QUI), and ultrasonic bone profile index (UBPI). SI and QUI are produced from a 

mathematical combination of both SoS and BUA, taken from the calcaneal QUS, and 

presented as a percentage. Hence, QUS may provide architectural and mechanical 

information about bone as well as bone density [234]. 

2.2.3.3. Limitations of quantitative ultrasonography 
 

Despite the advantages of QUS for measuring and evaluating bone health in children, 

infants, and preterm infants, the use of this method remains controversial. Some 

researchers have suggested that bone size may affect the accuracy of the measurement of 

QUS, especially in growing children. Many QUS scanners are made with transducers that 

are designed for adult feet, which might not fully capture the smaller feet of a child. 

However, newer models have come up with solutions, like adding a device that caters for 

smaller feet [235, 236]. Cheng et al. found that changes in the size of the bone and ROI 

may lead to a decrease in the accuracy of QUS [237].  

Although the various QUS techniques that are used to assess bone status in children 

depend on the same principles of physics, there are many differences between these 

quantitative ultrasound devices in terms of their precision, accuracy, and the skeletal sites 

that have been measured. According to the ISCD, the diversity of ultrasound devices has 

impeded the validation of QUS in clinical practice, and the only solution for that is the 

standardisation of techniques [231, 238]. 
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In addition, a lack of paediatric reference data may lead to difficulties when comparing 

the data obtained by different studies [227]. It is more difficult to measure and determine 

bone health in infants and children when using QUS without standardised references that 

are specific to the paediatric population [226]. Numerous studies have developed 

paediatric reference curves for different QUS machines and systems [239]. There is a 

scarcity of reference curves available for the paediatric age group, particularly across 

various ethnicities [240] and [241]. Furthermore, this imaging modality is mainly 

dependent on the experience of the operator. QUS can sometimes generate inaccurate data 

if it is performed by an inexperienced operator [242]. 

Numerous studies have examined the reliability of QUS in children and young adults [234, 

243, 244]. These investigations have demonstrated that QUS displays good reliability both 

within the same operator (intra-operator) and between different operators (inter-operator). 

The coefficient of variation has been reported to range from 0.3% to 3.7% for intra-

operator reliability and 0.3% to 1.2% for inter-operator reliability. Although QUS may be 

useful for assessing bone density and health in children and young adults, its clinical value 

has not yet been fully explored, and it is still considered as a research tool.  

 

2.2.4. Magnetic Resonance Imaging 
 

Over the last decade, improvements in the use of MRI for bone macro- and 

microarchitecture evaluation have been achieved, including the application of finite 

element analysis to MRI to compute the bone strength parameters. High-resolution 

magnetic resonance imaging (HR-MRI) is a non-invasive tool thatcan provide detailed 
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information on bone structure and microarchitecture as well as muscle and marrow 

adiposity to such an extent that it has often been referred to as a óvirtual biopsyô [245]. 

MRI employs a robust magnetic field with a series of radiofrequency pulses to generate 

bone scans that offer a three-dimensional (3D) evaluation of the cortical and trabecular 

bone structure and bone marrow with no radiation. This allows for the repeatability of 

scanning in longitudinal studies, particularly among the paediatric population, without 

risk of radiation-related harm (Figure 2.16) [246-248].  

 
Figure 2.16. 3T MRI scanner. Siemens Magnetom Prisma 3T MRI scanner (Erlangen, Germany) 
 

Recent advancements in radiofrequency coil technology and field strengths in MRI have 

led to a high signal-to-noise ratio (SNR), allowing for images in plain resolutions of 150 

ɛm and a slice thickness of 300 ɛm [249, 250]. These improvements have facilitated the 

investigation of trabecular bones. Whereas trabecular bone microarchitecture is a valuable 

parameter of bone status and a strong predictor of fracture risk in children and young 

adults [251]. High-resolution MRI is often performed at peripheral skeletal sites (distal 



 
 

фп 
 

radius, distal tibia, distal femur, and calcaneus); however it recently began to be used on 

central sites such as the proximal femur [252].  

Additionally, MRI has been used to characterise cortical bone geometry. It has been 

developed to evaluate and visualise tissues, such as cortical bone, that have very short T2 

relaxation times (<1 msec). This is performed by capturing data using a very short or 

ultrashort echo time (UTE) instead of conventional echo time (TEs) [250, 253]. 

MRI may provide an ideal method for assessing skeletal muscle and estimating muscle 

adiposity, as well as evaluating bone marrow, especially when combined with MR 

spectroscopy [254]. Muscle is vital for maintaining and establishing bone strength, and is 

considered to act as a positive stimulator for growing bone to alter its shape and mineral 

content, making HR MRI an invaluable tool for assessing the functional muscle bone unit 

[255-257].  

Numerous studies have suggested that MRI offers a promising method for evaluating bone 

properties in children [258-260]. Modlesky et al (2011) studied 43 prepubertal boys and 

girls to determine sex differences in trabecular bone microarchitecture using MRI. They 

found that the bone microarchitecture measurements in the trabecular component of bone 

from MRI are moderately to strongly related to the DXA-based measures of aBMD and 

BMC in the distal femur [261]. 

2.2.4.1. Limitations of MRI  
 

While MRI offers the advantage of being radiation-free, some limitations prevent its 

widespread use for investigating bone microstructure in children. MRI scans are 

associated with a long acquisition time (10-20 minutes), and movement during the scan 
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can influence the image quality. These challenges may make MRI inappropriate for use 

with children. Some researchers suggest that these limitations can be controlled by 

restricting the bone region assessment and obtaining fewer MRI slices in order to reduce 

the total processing time [262, 263].  

Furthermore, claustrophobic individuals (particularly children and young adults) may not 

be suitable candidates for this procedure since they are expected to remain motionless for 

a relatively long period of time in a restricted space (although the use of open-bore 

machines could solve this problem). The environment of the scanner room (isolated from 

carers/parents, noisy) may also not be child friendly.  

A further limitation associated with using this method in children is the lack of availability 

of HR MRI reference data for the paediatric population. To my knowledge, only a handful 

of clinical studies have examined bone health in healthy children [261, 264-267], and, to 

date, there is no reference data. There is a lack of reference scanning protocols and 

normative data for bone density assessment in children and its use is still limited to 

research studies. 

Finally, MRI is a costly modality with limited availability in research and clinical settings. 

Furthermore, it requires experienced staff to ensure the acquisition of consistent results. 
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2.2.5. Computed Tomography 
 

2.2.5.1.   Quantitative computed tomography (QCT) 
 

QCT is an imaging modality used to evaluate bone health and BMD in both the axial and 

appendicular skeletons. This method has become widely utilised in bone research because 

it can evaluate cortical and trabecular bone separately and also compute true vBMD in 

g/cm3 rather than aBMD in g/cm2 [268, 269]. QCT is considered an accurate imaging 

modality for predicting vertebral bone fractures in children who have low BMD. 

According to Crabtree et al., axial QCT provides the best prediction of vertebral fractures 

in boys with Duchenne muscular dystrophy (DMD) who take corticosteroids daily [270]. 

2.2.5.1.1. Principle of quantitative computed tomography 

 

QCT allows visualisation of a wide range of tissue densities based on the different X-ray 

attenuations of the materials. The change in the intensity of an X-ray that has passed 

through a material is described by the Lambert-Beer law [271]:  

I = I 0 e-ɛx 

where I is the transmitted intensity, I0 is the intensity from the X-ray source, ɛ is the linear 

attenuation coefficient (LAC), and x is the thickness of the sample. 

The emitter of the X-rays tube rotates around the body, while the detector on the other 

side of the QCT receives the transmitted photons. This yields a single 2D attenuation 

image (shadow projection). The shadow projection image is captured from different 

angles to produce a detailed 3D structure of the samples. This 3D image is reconstructed 

using image reconstruction algorithms [272]. 
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A computed tomography scanner uses a special calibration phantom with materials of 

different densities, such as air and water, and numerous material concentrations with X-

ray attenuation similar to bone compartments. QCT uses this phantom to record the 

attenuation values [Hounsfield Units (HU)] to generate a calibration curve. Subsequently, 

the HU values of the cortical and trabecular bones within the CT scan are converted into 

BMD units [268].  

The HU value of a material can be calculated as follows: 

HU = 100 * [(ɛ- ɛwater )/( ɛwater ï ɛair)]  

Where ɛ is the LAC of the sample, ɛwater is the LAC of water, and ɛair is the LAC of air. 

The HU value of water is 0 and that of air is ī1000 [273].  

According to the resolution capabilities of the CT scan, the generated image can capture 

and display the bone structure [268] and [274].  

The resolution (R) can be calculated as follows:  

R=d/M + [1-(1/M)] * s 

Where R is the voxel size, d is the detector resolution, M is the magnification, and s is the 

size of the focal spot of the X-ray source [275].  

The resolution of the CT scan is a critical factor in determining the clarity of the image 

and identifying the details of the sample. Within the area of quantitative computed 

tomography (QCT), different methods have been developed, depending on the differing 

levels of resolution, which include peripheral quantitative computed tomography (pQCT), 
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high-resolution quantitative computed tomography (HR-pQCT), micro-computed 

tomography (ɛCT), and synchrotron radiation micro-computed tomography (SRɛCT). 

2.2.5.1.2. Advantages and limitations of quantitative computed tomography 

 

QCT measures BMD without any effect of body size (non-size dependent technique) and 

offers a three-dimensional (3D) scan of bone structure, allowing for the assessment of 

trabecular and cortical bone separately. Pitukcheewanont et al. investigated 58 children 

and adolescents with perinatally acquired HIV-1 infection and found a marked decrease 

in the values of aBMD as measured by DXA, while the vBMD measured by QCT was 

unaffected. Indeed, this group of patients have small bone sizes relative to healthier 

children of the same age and sex, and the results using DXA were affected by the childôs 

size, while the results using QCT were not [276]. Moreover, QCT is less affected by other 

factors, such as body fat composition and soft tissue artefacts, compared to DXA. 

On the other hand, the high radiation dose associated with QCT scans is considered one 

of the major limitations of this method, especially for children. The ionisation dose of a 

lumbar spine QCT scan is around 90 ɛSv, which is around ten times that required for DXA 

spine scans [268]. In addition, computed tomography modalities are generally expensive 

and require an experienced team to obtain reliable results. Furthermore, the limited 

availability of paediatric reference data is another limitation of QCT. 

2.2.5.2.  Peripheral quantitative computed tomography (pQCT) 
 

Due to the concern regarding radiation exposure, most QCT studies in children have 

examined peripheral sites using pQCT. This imaging modality is designed to assess the 

bone status of the proximal and distal appendicular (peripheral) skeleton, such as the 
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radius, tibia, and femur [268, 277, 278] (Figure 2.17). In principle, it is like quantitative 

computed tomography but smaller, cheaper, and more mobile than QCT.  

 
Figure 2.17. pQCT scanner (Stratec XCT2000L, Pforzheim, Germany)  
 
 

2.2.5.2.1. Advantages of peripheral quantitative computed tomography  

 

Peripheral quantitative computed tomography has an acquisition resolution of 

approximately 200- 400ɛm. Due to this resolution, this method can determine and 

measure the total, trabecular, and cortical volumetric bone mineral density. This method 

also provides valuable insights into boneôs geometrical parameters, including cortical 

cross-sectional area (CSA), cortical thickness (Ct.Th), and both periosteal and endosteal 

circumferences. In addition, pQCT facilitates the evaluation of biomechanical parameters 

like cross-sectional moment of inertia (CSMI), and strength strain index (SSI). pQCT can 

also measure muscle mass, which will then allow researchers to examine the ómuscle-

boneô unit, which is a realistic diagnostic method for differentiating between primary and 

secondary bone disorders [269]. 
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Several pQCT studies have examined bone geometry, density, and strength in the 

extremities of healthy children [279-282]. Kalkwarf et al. explored the bone status in 424 

children with forearm injuries (224 children with a forearm fracture and 200 injured 

controls without a forearm fracture) using pQCT. The study revealed that children with 

forearm fractures had a lower vBMD, cortical area, and SSI of the distal radius than 

children who did not have forearm fractures [283]. These findings provide an insight into 

the significance of pQCT parameters in predicting fracture risk.  

In contrast to DXA, pQCT is more suitable for assessing bone mineral content and density 

in growing children because it is not a size dependent technique, and it provides vBMD 

rather than aBMD. This property provides the ability to use pQCT in various paediatric 

health conditions, such as children with chronic kidney disease and growth retardation 

[284-287].  

2.2.5.2.2. Limitations of peripheral quantitative computed tomography 

 

Although pQCT has the capabilities mentioned above for assessing bone status, this tool 

has some drawbacks, such as being sensitive to motion and having an acquisition scan 

duration of 7ï15 minutes, which is considered quite long [288]. Additionally, the radiation 

exposure from pQCT is 10 ɛSv, which is lower than the dose of radiation from QCT but 

still slightly higher than the DXA radiation dose (1ï6 ɛSv) [289].  

The spatial resolution of pQCT may be lower than that of other imaging modalities, such 

as HR-pQCT and ɛCT, which may affect the detailed visualisation of bone 

microarchitecture. This limitation could impact the accuracy of bone health assessments, 

particularly in detecting microstructural abnormalities [290]. 
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A further problem associated with using this method is the lack of availability of pQCT 

reference data in children. Although some studies have provided paediatric reference data 

at the radius [278, 291] and at the tibia [292], the protocol of scanning (the reference line, 

ROI, and number of slices) varied between these studies, and this must be considered 

while selecting a reference database. Furthermore, the limited accessibility of pQCT 

scanners, both in clinical practice and research settings, may restrict their utilisation for 

evaluating and assessing bone health. 

2.2.5.3. High-resolution peripheral quantitative computed tomography 

(HR-pQCT) 
 

High-resolution peripheral quantitative computed tomography is a non-invasive, low 

radiation exposure method. It is employed to evaluate bone health and strength in the 

peripheral skeleton (the distal radius and tibia). This method not only measures vBMD 

and assesses the cortical and trabecular compartments separately, but it can also evaluate 

the microarchitectural morphology and conduct finite element analysis (FEA) [89, 293]. 

2.2.5.3.1. Principle of high-resolution peripheral quantitative computed 

tomography (HR-pQCT) 

 

The principle underlying an HR-pQCT scanner is similar to the quantitative computed 

tomography (QCT) technique. However, HR pQCT differs from the QCT and pQCT 

techniques in terms of resolution and field of view. HR pQCT has a high signal-to-noise 

ratio and spatial resolution, with an isotopic voxel size of 82 ɛm (XtremeCT; Scanco 

Medical AG, Brüttisellen, Switzerland), compared to a pQCT resolution of 200-400 ɛm. 

A new generation HR-pQCT scanner (XtremeCT II) has been developed with a resolution 

of 64-52 ɛm. The resolution of HR-pQCT (XtremeCT I) is sufficiently high to determine 
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the bone microarchitecture and assess the trabecular bone parameters (trabecular 

separation, trabecular thickness, and trabecular inhomogeneity) [294]. 

In addition, the ionising radiation dose of the HR-pQCT scan is lower than that of QCT 

and pQCT. It is around 3 ɛSv, while in QCT and pQCT, the radiation doses are 90 ɛSv 

and 10 ɛSv, respectively [289].   

In research work, most HR-pQCT studies that are conducted on adult participants use a 

standard protocol that is recommended by the manufacturer. A fixed distance ROI at the 

distal tibia and radius is used. Prior to the scan, the forearm or ankle is immobilised in a 

carbon cast to minimise the risk of motion artefacts occurring during the scan. To 

determine ROI, an exploratory ñscoutò projection image of the distal radius or tibia is 

obtained to mark the reference line [the reference line for the radius (in adults) is 9.5 mm 

from the notch between the articulating surfaces for the lunate and navicular joint, and 

22.5 mm in the tibia from the tibiotalar joint] (Figure 2.18) [295]. 

 
Figure 2.18. shows the standard HR-pQCT measurement site for the distal radius (left) and tibia (right). The 
solid line represents the reference line, and the dotted line represents the ROI. Copied with permission from 
άImproved reproducibility of high-resolution peripheral quantitative computed tomography for 
ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ōƻƴŜ ǉǳŀƭƛǘȅέ όwith permission; licence number: 5600311289685)[295]  
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With regards to children, there are some modifications required to determine the ROI. The 

aim of this is to avoid radiation exposure to the epiphyseal growth plate. Burrows et al. 

selected a specific ROI that was ended at 8% of the tibial length from the tibial platform 

(reference line) and 7% of the ulna length from the lunate and navicular joints (reference 

line) (Figure 2.19). This protected the growth plate of the tibia from the harmful effects 

of ionising radiation [296]. At this ROI, both the cortical and trabecular bones were 

scanned and analysed. This protocol is called the University of British Columbia protocol.  

 
Figure 2.19. HR-pQCT scan (scout image) for distal radius in a healthy participant. This figure shows the 
reference line and ROI for the distal radius according to the University of British Columbia protocol  
 

There are other paediatric HR-pQCT protocols for reference line and ROI placements, 

such as the Shriners Protocol and the Stanford Protocol. All of these protocols share the 

same aim, which is to create a method for generating HR-pQCT reference data for the 

paediatric population while also protecting the growth plate from radiation during 

scanning [297]. 
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The raw projection images are reconstructed to generate two-dimensional grayscale 

images. A filter with both edge enhancement and a specific threshold procedure is used to 

extract the cortical bone portion and the trabecular portion (the HR-pQCT analysis will 

be explained in detail in Chapter 5; Section 5.3.3.). The densitometric measurements and 

bone morphometric analysis were obtained based on the segmentation of the trabecular 

and cortical portions. The total volumetric bone mineral density (in mg/cm3); trabecular 

and cortical bone density (in mg/cm3); trabecular numbers (in 1/mm); trabecular and 

cortical thickness (in mm); trabecular separation (in mm); trabecular inhomogeneity (in 

mm); cortical porosity (in %); and cortical tissue mineral density can be determined from 

an HR-pQCT scan. In addition, HR-pQCT can achieve a resolution and signal-to-noise 

ratio that is sufficiently high to perform FEA stiffness (in kN/mm), estimated failure load 

(in kN), trabecular distal load (in %), trabecular proximal load (in %),  trabecular average 

von Mises stress (in MPa), and cortical average von Mises stress (in MPa) to assess bone 

strength and predict fracture risk [89, 298].   

 
Figure 2.20. HR-pQCT images of the distal radius and tibia of a healthy participant (top row). The rest of 
the scans show the bone microarchitecture with different types of osteogenesis imperfecta and 
ōƛǎǇƘƻǎǇƘƻƴŀǘŜ ǎǘŀǘǳǎΦ /ƻǇƛŜŘ ŦǊƻƳ άIƛƎƘ-resolution peripheral quantitative computed tomography in 
ŎƘƛƭŘǊŜƴ ǿƛǘƘ ƻǎǘŜƻƎŜƴŜǎƛǎ ƛƳǇŜǊŦŜŎǘŀέ with permission from the authors [299] 
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2.2.5.3.2. Advantages of high-resolution peripheral quantitative computed 

tomography (HR-pQCT) 

 

Many studies have discussed the utilisation of HR-pQCT in the assessment of bone 

microarchitecture and bone strength. It has been found that this technique has the ability 

to predict fracture risk [300, 301]. Farr et al. (2014) used HR-pQCT to assess cortical and 

trabecular bone macro- and microstructure at the distal radius in children and young adults 

with distal forearm fractures (DFF) due to mild trauma. They demonstrated that boys with 

mild trauma DFF had a low trabecular bone volume fraction, a low trabecular number, 

and high trabecular separation. On the other hand, girls with mild trauma DFF had a 

decrease in trabecular thickness at the distal radius. However, cortical vBMD at the distal 

radius did not change between the two groups [97]. All of these previous changes in the 

bone microstructure suggest underlying bone problems that may lead to fractures with 

minor trauma.  

HR-pQCT can achieve a resolution and signal-to-noise ratio that are sufficiently high to 

aid in FEA [302]. FEA has played a significant role in the understanding of bone 

mechanical properties. Researchers have found that FEA can predict experimental failure 

load and assess bone strength more efficiently than aBMD and other microstructural 

parameters [128, 303, 304].  

2.2.5.3.3. Limitations of high-resolution peripheral quantitative computed 

tomography (HR-pQCT) 

 

Despite the ability of HR-pQCT to evaluate bone microarchitecture and bone strength, 

there are certain limitations that prevent this method from being widely used in the 

paediatric population. One of these challenges is motion artefact that has a considerable 
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effect on bone microarchitecture rather than bone geometric or density values [305, 306]. 

These artefacts may arise because the scan time is quite long (3-5 minutes) [307]. Any 

movement that occurs during the scan will affect the image resolution and resulting in 

erroneous findings.  

The lack of standardised paediatric reference data for the micro-architectural and vBMD 

parameters restricts the widespread clinical use of this imaging modality. The techniques 

for image acquisition, reference lines, and ROI determination have not yet been 

standardised [297].  

Another challenge with HR-pQCT (particularly in longitudinal paediatric studies) is the 

growth of bones. During the longitudinal growth period, the endochondral ossification 

process occurs at the growth plate. This process leads to the formation of new bone in the 

metaphyseal area [308]. It is difficult to scan the exact same bone over time. This should 

be considered while interpreting HR-pQCT scans and determining the protocol for using 

this method in children. 

It is important to mention that HR-pQCT is mostly used for research purposes. Currently, 

the availability of HR-pQCT scanners in UK hospitals remains limited. Although HR-

pQCT is becoming more popular now as an objective imaging modality for assessing bone 

microstructure and bone health, its high cost and the need for an expert operator to work 

on it, prevent this modality from being widely used. 
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2.2.5.4. Micro-computed tomography (ɛCT) and synchrotron radiation 

microcomputed tomography (SRCT)  
 

These methods are advanced forms of high-resolution CT imaging that provide efficient, 

non-destructive, detailed 3D images of the bone microstructure. The principle underlying 

these advanced imaging modalities is similar to QCT, but they offer a higher degree of 

spatial resolution compared to quantitative CT. These methods are used in scientific 

research (mainly ex vivo) for imaging bone samples, investigations of the bone structure 

of small animals, and preclinical medical studies. These imaging modalities offer valuable 

insights into various aspects of bone health, including trabecular microstructure, cortical 

porosity, mineral density, and the detection of cracks in fragile bone disease [309]. In 

addition, these methods play a significant role in evaluating treatment efficacy on bone 

tissue [310]. 

Micro-computed tomography (ɛCT) is an advanced X-ray tomography method that is 

characterised by its high-resolution imaging capabilities (with a spatial resolution of 1ï

100 ɛm), which may achieve resolutions at or below the micron level [311]. This method 

differs from other quantitative CT methods, since ɛCT uses an X-ray tube with a cone-

beam geometry instead of a fan-beam geometry as a radiation source and a sample holder 

that rotates during imaging to collect detailed 3D pictures of the sample [312]. 

The synchrotron radiation micro-computed tomography (SRɛCT) method provides a 

higher resolution than ɛCT systems [313]. In this imaging technique, the high-flux 

monochromatic X-ray beams (synchrotron radiation) are utilised not only to improve the 

signal-to-noise ratio (SNR) in the images for shorter acquisition times but also to enable 

extremely high spatial resolution [314, 315]. SR-ɛCT has an exceptionally high degree of 
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spatial resolution, ranging from the micrometre scale to the nanometre scale, which can 

vary based on the aim of the application, the parameters to be measured, and the machine 

setup. This resolution helps to capture small cortical porosities and provide detailed 

information about the bone microarchitecture. In addition, it facilitates the detection of 

microcracks within the bone and enhances fracture risk prediction [316].  

Although ɛCT and SR-ɛCT have advanced availability to assess the porosity of and 

visualise bone microarchitecture, various limitations affect the utilisation of these methods 

in research and clinical practice. One of these limitations is the radiation dose, which 

varies from 1 to 200 mSv, according to the imaging quality and the protocol of the project 

[317]. In addition, the motion artefacts that may occur during the scanning process reduce 

the quality and accuracy of the imaging results. Moreover, the requirement for specialised 

facilities, such as synchrotron sources, is considered another limitation; these imaging 

modalities are not widely available due to the fact that they are expensive and require an 

expert operator [318]. 
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Table 2.6. The main advantages and disadvantages of the principal imaging modalities 

that are used for assessing and evaluating bone mineral density and strength in children 

and young adults  

Imaging method Skeletal site 
measured 

Advantages Disadvantages Radiation 
dose 

Conventional 
Radiography  

¶ Whole 
skeleton. 

¶ The most 
available imaging 
technique. 

¶ Inexpensive. 

¶ Easy to use. 

¶ The cumulative 
dose may lead to 
harmful effects on 
children. 

¶ Measuring and 
evaluating cortical 
bone only. 

¶ The radiation dose 
varies with the 
skeleton sites. 
i.e., Spine X-ray 
=1.5 mSv (about 6 
months to 
naturally occurring 
background 
radiation). 
Hip Xray = 0.7 mSv 
(about 3 months 
to naturally 
occurring 
background 
radiation). 

Digital X-ray 
Radiogrammetry 
(DXR) 

¶ Three 
middle 
metacarpa
ls bone 
from PA 
view hand 
and wrist 
radiograph
s 

¶ widely available. 

¶ Easy to use. 

¶ Low radiation 
dose. 

¶ Inexpensive. 

¶ Short analysis 
time. 

¶ Able to evaluate 
volumetric bone 
mineral density 
(non-size 
dependent 
technique). 

¶ Availability of 
normative data 
in healthy 
children. 

¶ Measuring and 
evaluating cortical 
bone only. 

¶ Insensitive to 
trabecular bone. 

¶ Extremity 
measurements 
might not reflect 
BMD in other 
skeletal regions or 
the whole 
skeleton. 

¶ ғм˃{Ǿ όǘƘǊŜŜ 
hours exposure to 
naturally occurring 
background 
radiation). 

Dual X-Ray 
Energy 
Absorptiometry 
(DXA) 

¶ Vertebral 
lumbar 
spine (L1-
L4). 

¶ Whole 
skeleton. 

¶ Widely available. 

¶ Easy to use. 

¶ Inexpensive. 

¶ Low radiation 
dose. 

¶ Short analysis 
time. 

¶ Inability to 
measure 
volumetric bone 
mineral density. 
(Bidimensional 
measure). 

¶ Bone-size 
dependence. 

¶ About 1ςс ˃{ǾΦ 
(Between 3 hours 
to 18 hours 
exposure to 
naturally occurring 
background 
radiation). 



 
 

ммл 
 

¶ Unable to 
differentiate 
between cortical 
and trabecular 
bone. 

¶ Unable to 
evaluate bone 
microarchitecture. 

¶ Lack of robust 
paediatric 
reference data. 

Quantitative 
Ultrasound (QUS) 

¶ Peripheral 
bone: 
calcaneus, 
phalanges, 
and tibia. 

¶ Radiation-free. 

¶ Widely available. 

¶ Inexpensive. 

¶ Easy to use. 

¶ Portable 
machine. 

 

¶ Few paediatric 
reference data. 

¶ Measuring sites 
are difficult 
especially with 
uncooperative 
children. 

¶ Bone size may 
affect its accuracy. 

 

¶ Radiation-free. 

Magnetic 
Resonance 
Imaging (MRI) 

¶ Axial 
skeleton. 

¶ Appendicu
lar 
(periphera
l) skeleton. 

¶ Radiation-free. 

¶ Offers three 
dimensions (3D) 
assessment of 
bone. 

¶ Able to evaluate 
volumetric bone 
mineral density. 

¶ Its resolution is 
(150-300 ˃ Ƴύ 
and this 
resolution can 
differentiate 
between 
trabecular and 
cortical 
components. 

 

¶ Long processing                      
time. 

¶ Motion artefact. 

¶ High cost. 

¶  Not clinically 
available. 

¶ Radiation-free. 
 

Quantitative 
Computed 
Tomography 
(QCT) 

¶ Axial 
skeleton: 
vertebral 
lumbar 
spine. 

¶ Appendicu
lar 
skeleton: 

¶ Offers three-
dimensional (3D) 
assessment of 
bone. 

¶ Able to evaluate 
volumetric bone 
mineral density 
(non-size 

¶ High radiation 
dose. 

¶ High cost. 

¶ Sensitive to 
motion. 

 

¶ !ōƻǳǘ фл ˃{ǾΦ 
(11 days exposure to 
naturally occurring 
background radiation). 
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femur 
midshaft. 

dependent 
technique). 

¶ Evaluating 
cortical and 
trabecular bone 
separately. 

peripheral 
Quantitative 
Computed 
Tomography 
(pQCT) 
 

¶ Appendicu
lar 
skeleton: 
radius, 
tibia, and 
femur. 

¶ Its radiation 
exposure is less 
than QCT. 

¶ Able to evaluate 
volumetric bone 
mineral density 
(non-size 
dependent 
technique. 

¶ Evaluating 
cortical and 
trabecular bone 
separately. 

¶ Provides various 
details about 
bone 
geometrical 
parameters. 

¶ Sensitive to 
motion. 

¶ Limited paediatric 
reference data. 

¶ Not clinically 
available. 

¶ The spatial 
resolution (200-
плл˃Ƴύ ƛǎ ƴƻǘ 
adequate for tiny 
bone 
microarchitecture. 

¶ !ōƻǳǘ мл ˃{ǾΦ 
(30 hours 
exposure to 
naturally occurring 
background 
radiation). 

High-Resolution 
peripheral 
Quantitative 
Computed 
Tomography (HR-
pQCT) 

¶ Appendicu
lar 
skeleton: 
radius and 
tibia. 

¶ Low radiation 
ŘƻǎŜ όо ˃{ǾύΦ 

¶ The spatial 
resolution (82 
˃Ƴύ ƛǎ ŜƴƻǳƎƘ ǘƻ 
evaluate and 
measure. 

¶ bone 
microarchitectur
e and finite 
element analysis. 

¶ Able to evaluate 
volumetric bone 
mineral density 
(non-size 
dependent 
technique. 

¶ Sensitive to 
motion. 

¶ Lack of paediatric 
reference data. 

¶ Not clinically 
available. 

¶ The time of scan is 
moderately long 
(3 minutes). 

¶ !ōƻǳǘ о˃{Ǿ όƘŀƭŦ 
day exposure to 
naturally occurring 
background 
radiation). 
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Summary 

The first section of this background served as a foundational introduction to bone health 

and physiology, aimed at providing readers with a comprehensive understanding of the 

key terms and concepts related to bone. By understanding the composition of bone, its 

growth mechanisms, and the factors influencing its density and overall health, this section 

established a solid knowledge base about bone. Furthermore, it explored the intricate 

relationship between bone microstructure and strength, offering insights into the methods 

used to assess these parameters. 

Moving on to the second section, we shift our focus to the imaging modalities that have 

been developed to assess bone health in children and young adults. The majority of these 

modalities are still used for research only due to the limitations associated with each one. 

Accumulative data and several scientific opinions suggest that DXA is inadequate for 

assessing bone strength and predicting fracture risk in children. Therefore, obtaining a 

reliable imaging modality to overcome this shortcoming has become necessary. Compared 

to the imaging modalities that were mentioned previously, DXR is inexpensive, widely 

available, and can be used easily in children because it is a quick technique and offers an 

easily computerised measurement of BHI. Furthermore, DXR is considered a safe tool for 

assessing bone health in children because its radiation dose is relatively low. DXR/BHI 

describes not only the cortical thickness (T), which represents aBMD, but also measures 

the metacarpal length and width, which represent vBMD (a non-size dependence method). 
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Chapter 3  
 

Shalof H, Dimitri P, Shuweihdi F, Offiah AC. Which skeletal imaging modality is best 

for assessing bone health in children and young adults compared to DXA? A systematic 

review and meta-analysis. Bone. 2021 Sep 1; 150:116013. 
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3.1.     Abstract  
 

Background: Skeletal imaging techniques have become clinically valuable methods for 

measuring and assessing bone mineral density in children and young people. Dual-energy X-ray 

absorptiometry (DXA) is the current reference standard for evaluating bone density, as 

recommended by the International Society for Clinical Densitometry (ISCD). Various bone 

imaging modalities, such as quantitative ultrasound (QUS), peripheral quantitative computed 

tomography (pQCT), high-resolution peripheral quantitative computed tomography (HR-pQCT), 

magnetic resonance imaging (MRI), and digital X-ray radiogrammetry (DXR), have been 

developed to further quantify bone health in children and adults. The purpose of this review, with 

meta-analysis, was to systematically research the literature to compare the various imaging 

methods and identify the best modality for assessing bone status in healthy populations and 

children and young people with chronic disease (up to 18 years).  

Methods: A systematic computerised search of Medline, PubMed, and Web of Science databases 

was conducted to identify English-only studies published between 1st January 1990, and 1st 

December 2019. In this review, clinical studies comparing imaging modalities with DXA were 

chosen according to the inclusion criteria. The risk of bias and quality of articles was assessed 

using the Quality Assessment Tool for Diagnostic Accuracy Studies (QUADAS-2). The meta-

analysis to estimate the overall correlation was performed using a Fisher Z transformation of the 

correlation coefficient. Additionally, the diagnostic accuracy measures of different imaging 

methods compared with DXA were calculated.  

Results: The initial search strategy identified 13,412 papers, 29 of which matched the inclusion 

and exclusion criteria. Of these, twenty-two papers were included in the meta-analysis. DXA was 

compared to QUS in 17 papers, to DXR in 7 and to pQCT in 4 papers. A single paper compared 

DXA, DXR, and pQCT. The meta-analysis demonstrated that the strongest correlation was 

between DXR and DXA, with a coefficient of 0.71 [95% CI: 0.43; 1.00, p-value < 0.001], while 

the correlation coefficients between QUS and DXA, and pQCT and DXA were 0.57 [95% CI: 

0.25; 0.90, p-value < 0.001] and 0.57 [95% CI: 0.46; 0.67, p-value < 0.001], respectively. The 

overall sensitivity and specificity were statistically significant 0.71 and 0.80, respectively. 

Conclusion: No current imaging modality provides a full evaluation of bone health in children 

and young adults, with each method having some limitations. Compared to QUS and pQCT, DXR 

achieved the strongest positive relationship with DXA. DXR should be further evaluated as a 

reliable method for assessing bone health and as a predictor of fractures in children and young 

people. 

Keywords: Bone health, Fracture risk, Bone mineral density, Systematic review, Bone 

densitometry, Children. 
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3.2.    Introduction  
 

The ability to assess bone strength and measure bone mineral density in children has 

greatly evolved during the past four decades. The aim of these assessments is to identify 

children with a high risk of low-trauma fractures due to bone fragility or chronic illness, 

manage their treatment decisions, and monitor their therapy responses [68]. 

Multiple imaging modalities have been developed to measure bone mineral density 

(BMD) and evaluate bone health. To date, dual-energy X-ray absorptiometry (DXA) is the 

recognised reference standard for assessing BMD in children and adults, as recommended 

by the International Society for Clinical Densitometry (ISCD) [2, 319]. It has become one 

of the most clinically valuable tools in the assessment of paediatric bone health due to its 

wide availability, being inexpensive, easy to use, and low radiation dose (1ï6 ɛSv) [177, 

178]. 

However, there are limitations to DXA. For example, it is less reliable in children under 

the age of 4 years, or who are small for their age, because DXA measurements are affected 

by bone size [188-190]. DXA is unable to measure bone depth [true volumetric bone 

mineral density (vBMD)], and its results depend on a two-dimensional projection of a 

three-dimensional structure. DXA cannot differentiate between cortical and trabecular 

bone [202]. Hence, it cannot provide detailed information on bone microarchitecture and 

skeletal integrity and strength. 

To address the need to evaluate bone microarchitecture, other bone imaging modalities, 

including quantitative ultrasound (QUS), peripheral quantitative computed tomography 

(pQCT), high-resolution peripheral quantitative computed tomography (HR-pQCT), 
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magnetic resonance imaging (MRI), and digital x-ray radiogrammetry (DXR), have been 

developed to quantify bone morphometry and strength in children. Each imaging modality 

has specific limitations in the assessment of bone strength and measurement of BMD, with 

challenges for accurately predicting fracture risk. These modalities have been applied to 

research, but currently, there is no reliable clinical imaging modality for predicting 

fracture risk and assessing bone strength in children. 

QUS may be advantageous in evaluating and assessing bone health in young children due 

to the technique being safe (radiation-free), easy, and portable [224, 225, 228]. Despite 

the advantages of QUS for measuring and evaluating bone health in children, infants, and 

preterm infants, the use of this method is still controversial [224]. Some researchers have 

suggested that bone size may affect the accuracy of the measurement of QUS, especially 

in growing children, and the site of measurement may not reflect the density in other parts 

of the skeleton [237]. In addition, a lack of paediatric reference data may lead to some 

difficulties when comparing the data between different studies. 

QCT has become widely used in bone research in adults because it can evaluate cortical 

and trabecular bone separately and compute true vBMD [269]. However, QCT has some 

limitations, especially when used in children. The radiation dose of QCT is relatively high 

(approximately 90 ɛSv) [268], and limited paediatric reference data exists [320]. pQCT 

was thus developed for use in the evaluation of bone health to overcome QCT limitations, 

especially among children. In principle, it is similar to QCT, but the equipment is smaller, 

more mobile, and the radiation dose (10 ɛSv) is lower than that from QCT [289]. However, 

pQCT can only assess the appendicular skeleton, whereas QCT can assess both the axial 

and the appendicular skeleton.  
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Subsequently, HR-pQCT was developed as a non-invasive and low radiation approach for 

measuring vBMD, assessing cortical and trabecular compartments separately, evaluating 

micro-architectural morphology, and using finite element analysis (FEA) to determine 

bone strength. There are some limitations to using pQCT and HR-pQCT, especially in 

children. For example, movement artefacts have a considerable effect on bone 

microarchitecture [305, 307]. The reason for this artefact is a product of long scan time 

(7ï15 minutes for pQCT, 3 minutes for HR-pQCT). Currently, only relatively few HR-

pQCT scanners are present in hospitals and the lack of standardised paediatric reference 

data for the micro-architectural and vBMD parameters (especially for children below the 

age of eight years) restrict the widespread clinical use of this technique. 

DXR evaluates BMD from hand radiographs [162]. One automated method uses the 

computer software BoneXpert, developed for measuring and calculating bone age and 

bone mass. This software measures the cortical thickness, length, and width of the three 

middle metacarpals from hand radiographs, with results expressed as the bone health 

index (BHI) [8]. DXR is considered a safe tool for evaluating bone health in paediatric 

populations because its radiation dose is low (about < 1ɛSv) and is applied to an extremity. 

Although DXR is an inexpensive, widely available method that can easily be used in 

children, more work is needed to ascertain whether DXR is able to reliably evaluate bone 

status and to enable it to be used as a standard tool to predict fractures in children. 

Our aim was to systematically review the literature to compare the various currently 

available imaging modalities with DXA (being the reference standard) and to identify the 

most reliable for assessing and evaluating bone health in children and young adults. 
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3.2.    Materials and methods 
 

3.2.1.   Search strategy and protocol 
 

A systematic review was undertaken according to the Preferred Reporting Items for 

Systematic Reviews and Meta-analysis checklist (PRISMA) (Figure 3.1) [321]. A 

systematic computerised search of Medline, PubMed, and Web of Science databases was 

conducted to identify clinical studies that assessed and compared diagnostic accuracy 

and/or correlation coefficients of bone health parameters of two or more imaging 

modalities, with DXA being one of them. All database searches were limited to children 

and adolescents (healthy and unhealthy) up to 18 years old. The search was restricted to 

full-text articles on human studies published in the English language between 1st January 

1990 and 1st December 2019. 
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CƛƎǳǊŜ оΦмΦ twL{a! ƅƻǿŎƘŀǊǘ ǎǳƳƳŀǊƛǎƛƴƎ ǘƘŜ ǎŜŀǊŎƘ 
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3.2.2.   Study selection 
 

Study inclusion and exclusion criteria were developed based on population, intervention, 

comparator, and outcomes (PICO) criteria (Appendix 15). 

3.2.2.1.   Inclusion criteria  
 

Å The population was healthy and unhealthy, male and female children and 

adolescents up to 18 years old.  

Å Clinical studies that assessed and compared the diagnostic accuracy and/or 

correlation coefficient (r) of bone health parameters of two or more imaging 

modalities, DXA being one of them.  

Å Only full-text publications were in EnglishΦ 

3.2.2.2.   Exclusion criteria  
 

Å Studies included adults and children where data for children was not separately 

extractable.  

Å Studies that did not include DXA as an imaging modality.  

Å The Full text was not in English.  

Å The studies were review articles, case reports, clinical or conference reports. 

The study selection was performed in two stages; firstly, one reviewer (HS) scanned the 

titles and abstracts of all identified electronic database citations after removing duplicate 

papers. Articles that did not fulfil the selection criteria were removed. References were 

arranged, and duplicates were eliminated using EndNoteÈ X9. In the second stage, (HS) 
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identified potentially relevant papers by reading the full texts. The final list of articles was 

critically assessed by two reviewers (PD and ACO). Any disagreement was resolved by 

consensus. 

3.2.3.   Data items and data extraction process 
 

The required information was collected into an Excel spreadsheet by HS. The following 

data were extracted from each paper: First author; year of publication; place of study; 

study design; aim of study; sample size; mean age (years); main clinical presentation; 

imaging modalities; parameters and region of interest (ROI) measured; duration of 

investigation; time interval between investigations; diagnostic accuracy of each modality 

(if stated); correlation between modalities; radiation dose for each modality. Two 

reviewers (PD and ACO) reviewed the data extracted from the included papers. 

3.2.4.   Quality assessment process 
 

The quality of the retrieved papers was assessed independently by three reviewers (HS, 

PD, and ACO) using the Quality Assessment Tool for Diagnostic Accuracy Studies 

(QUADAS-2) [322]. This tool consists of four key domains: patient selection; index test; 

reference standard; flow and timing. The reviewers individually recorded the risk of bias 

and applicability concerns as ñlow risk,ò ñhigh risk,ò or ñunclear riskò. The final quality 

assessment sheet is available (Appendix 16). Disagreements between reviewers were 

resolved by consensus. In this review, the maximum acceptable time interval between the 

standard test (DXA) and the index test (DXR, QUS, or pQCT) was set as three months. 
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3.2.5.   Data synthesis and the meta-analysis 
 

The meta-analysis to estimate the overall correlation was performed using a Fisher Z- 

transformation of the correlation coefficient (r) [323]. Because r covers the whole range 

of relationship strengths, from no relationship (zero) to a perfect relationship (1, or ī 1), 

it tells us exactly how large the relationship really is between the variables we have 

studied. Cohen provided rules of thumb for interoperating these effect sizes, suggesting 

that an r of 0.1 represents a ósmallô effect size, 0.3 represents a ómediumô effect size, and 

0.5 represents a ólargeô effect size [324]. The pooled effect sizes for correlations were 

estimated via the random-effects (RE) model [325]. Forest plots were used to present the 

effects of the studies and the pooled effect estimate [326]. The heterogeneity between 

studies was examined using two statistics: the Q and I 2 statistics. For detecting outliers 

and influencers, sensitivity analysis of the meta-analyses was performed using different 

visual approaches [327]. To investigate publication bias in this analysis, funnel plots based 

on standard errors were used as a visual tool. Meta-analysis for estimating both sensitivity 

and specificity was based on extracting the values of true positive (TP), false positive (FP), 

false negative (FN), and true negative (TN) from these three studies. The statistical 

package R, version 4.0.3 was used to perform the meta-analysis. 
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3.3.    Results  
 

3.3.1.   Literature search results and study selection 
 

The initial search strategy identified 13,412 papers from PubMed (n = 7123), Medline (n 

= 1943), and Web of Science (n = 4337). Of these, 2881 were duplicates and excluded by 

EndNoteÈ X9. A thorough evaluation of titles and abstracts of 10,531 papers was 

performed by one reviewer (HS) and 10,438 papers were eliminated for the following 

reasons: irrelevant papers (n = 8363); review articles (n = 599); clinical or conference 

report abstracts (n = 197); guidelines (n = 74); follow-up case study (n = 382); adult 

population (n = 701); animal study (n = 42) or full text not in English (n = 80).  

The remaining 93 papers were screened with a full text review. Of these, 64 were excluded 

from this review: not comparison studies (n = 13); the study's sample was adults and 

children and data for children was not separately extractable (n = 18); conference reports 

(n = 4); studies that were comparison studies between two imaging modalities where DXA 

was not one of them (n = 11); clinical studies that focused on arthritis and not on bone 

density measurement and fracture risk (n = 5); papers that did not present diagnostic 

accuracy (sensitivity and specificity) or correlation index between imaging methods or did 

not present enough data to determine correlation (n = 9); and full text not in English (n = 

4). Twenty-nine papers were relevant and met the inclusion and exclusion criteria (Figure 

3.1). 
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3.3.2.   Quality assessment of studies 
 

Most papers were low risk for methodology; the percentage (%) of papers that showed a 

low risk of bias in each of the four domains (patient selection, index test, reference 

standard, and flow and timing) were 76%, 52%, 48%, and 35%, respectively, while the 

percentage designated as high risk was 10%, 6%, 6%, and 13%, respectively. The 

remainder were scored as ñunclearò because the authors did not offer enough details about 

index and reference test results and how they interpreted them, as well as poor reporting 

about the interval between two index and reference methods. Regarding applicability, all 

papers were of low concern except one [328], which was scored as being of high concern 

in patient selection and standard test domains due to 38 participants having only DXA 

scans, 335 healthy children having only quantitative ultrasound scans, and 8 participants 

having both scans without the exact reasons for this being detailed. 

3.3.3.   Study characteristics 
 

The 29 papers included were published between 2000 and 2019. The total sample size was 

4221 (ranging from 22 [329] to 511 [330]). DXA was compared to QUS in 17 papers, to 

DXR in 7 papers, and to pQCT in 4 papers. A single paper compared DXA, DXR, and 

pQCT [10]. No paper included HR-pQCT or HR-MRI. 

3.3.3.1. Analysis of studies that compared digital X-ray radiogrammetry 

(DXR) and dual-energy X-ray absorptiometry (DXA) 
 

The degree of correlation between DXA and DXR/BHI was compared in seven studies [7-

9, 331-334]. There was a moderate to strong degree of correlation between DXA and 
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DXR/BHI in four (Table 3.1). In contrast, two studies concluded that the degree of 

correlation was poor [9] and [7].  

Table 3.1. The degree of correlation between DXA and DXR* 

Authors Year Sample 

size 

Degree of correlation among modalities 

Leijten et al 2019 101 All BHI z-scores were moderately correlated with DXA 

BMDLS Z-score (r = 0.564, p < 0.001) 

Mentzal et 

al  

2006 26 DXR-BMD was significantly correlated with DXA-BMDLS (r 

= 0.78) 

Van rijn et 

al 

2006 67 There was a strong correlation between DXR BMD and 

DXA BMDLS for acute lymphoblastic leukaemia and growth 

hormone deficiency groups (r = 0.853 M, 0.760 F and 

0.760 M, 0.779 F, respectively). 

Neelis et al  2018 46 Spearman's correlation coefficient for BHI and BMD TB z-

scores was 0.856 (p <0.001) 

Alshamrani 

et al 

2019 465 A weak correlation was found between BHI SDS and DXA 

BMD TB and BMDLS z-scores (r = 0.11 to r = 0.35). 

Nusman et 

al  

2015 35 A weak correlation between DXA and DXR. The Pearson 

correlation coefficient for DXA BMDLS z-score with BHI 

values was 0.247 

ϝ aǳƭǳƎŜǘŀ Ŝǘ ŀƭΦ ǎǘǳŘȅ ŘƛŘ ƴƻǘ ŀŘŘǊŜǎǎ ǘƘŜ ŘŜƎǊŜŜ ƻŦ ŎƻǊǊŜƭŀǝƻƴ ōŜǘǿŜŜƴ 5·w ŀƴŘ 5·!Φ Lǘ ƻƴƭȅ ǊŜƅŜŎǘǎ ǘƘŜ 

ŘƛŀƎƴƻǎǝŎ ŀŎŎǳǊŀŎȅ ƻŦ ǘƘŜǎŜ ƳŜǘƘƻŘǎΦ 

 

All the Fisher's transformed correlations used in the forest plots were converted back to 

correlation to be within the range ī 1 and +1. There was a positive relationship between 

DXR and DXA; using pooled estimates this was 0.71 [95% CI: 0.405 1.00, p-value < 

0.001], which is strong and statistically significant (Figure 3.2). The level of 

heterogeneity was high (I2 = 95%), and the Q-test was statistically significant (p-value < 

0.001). Regarding the sensitivity influence in terms of outliers, no potential outliers were 

detected. This means that none of the previous studies had a very high or very small 
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correlation coefficient, which might have negatively affected the pooled estimated size of 

the correlation. 

 
CƛƎǳǊŜ оΦнΦ CƻǊŜǎǘ Ǉƭƻǘ ƻŦ с ǎǘǳŘƛŜǎ ŦƻǊ ǘƘŜ ǊŜƭŀǝƻƴǎƘƛǇ ōŜǘǿŜŜƴ 5·w ŀƴŘ 5·! ǳǎƛƴƎ CƛǎƘŜǊϥǎ ǘǊŀƴǎŦƻǊƳŜŘ 
ŎƻǊǊŜƭŀǝƻƴ 
 

For bias publication, we noted that the largest studies occupied the top of the graph with 

the smallest standard errors (Figure 3.3). Most of the studies were out of diagonal lines 

for the 95% confidence limits around the overall correlation. 

 
CƛƎǳǊŜ оΦоΦ CǳƴƴŜƭ Ǉƭƻǘ ŦƻǊ 5·w ŀƴŘ 5·! 



 
 

мну 
 

 

Only three papers calculated the sensitivity and specificity of bone health index (BHI) 

values by comparing them with DXA parameters [7, 8, 333] (Table 3.2). 

Table 3.2. Sensitivity and specificity of BHI compared to DXA 

Authors 

 

Year 

 

Sensitivity Specificity DXA parameters 

Leijten et al  2019 67% 83% Compared to DXALS Z-scores. 

Neelis et al  2018 90% 

60% 

60% 

86% 

79% 

93% 

Compared to DXA BMDTB 

Compared to DXA BMD LS 

Compared to DXA BMAD 

Nusman et al  2015 40% 60% Compared to DXA BMAD 

 

 

3.3.3.2. Analysis of studies that compared peripheral quantitative 

computed tomography (pQCT) and dual-energy X-ray 

absorptiometry (DXA) 
 

Four papers compared pQCT and DXA in the measurement of bone strength and bone 

density in healthy and unhealthy children and young people [283, 335-337] Only three 

calculated Pearson's correlation coefficient (Table 3.3). 

Table 3.3. The degree of correlation between DXA and pQCT 

Authors 

 

Year Sample 

size 

Degree of correlation among modalities 

 

DiVasta et al  2016 202 There was a positive correlation between trabecular and 

cortical vBMD z-scores of pQCT and DXA BMD z-scores (r 

range 0.57ς 0.82) 

Kalkwarf et al  2011 444 There was a weak to moderate correlation between bone 

z-scores for pQCT measures and those from DXA (r = 0.11 

to 0.50) 

Tsampalieros 
et al  

2014 65 pQCT vBMD z-scores were weakly to moderately 
correlated with changes in PA-BMD (r = 0.36, p<0.01), PA-
BMD HtZ (r = 0.33, p<0.01), and WA-BMD (r = 0.49, 
p<0.001) z-scores 
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Using pooled estimates, the positive relationship for pQCT and DXA in the previous three 

studies was 0.57 [95% CI: 0.25; 0.90, p-value < 0.001] (Figure 3.4). The level of 

heterogeneity was high (I 2 = 97%), and the Q-test was statistically significant (p-value < 

0.0011). 

 
CƛƎǳǊŜ оΦпΦ CƻǊŜǎǘ Ǉƭƻǘ ƻŦ о ǎǘǳŘƛŜǎ ŦƻǊ ǘƘŜ ǊŜƭŀǝƻƴǎƘƛǇ ōŜǘǿŜŜƴ Ǉv/¢ ŀƴŘ 5·! ǳǎƛƴƎ CƛǎƘŜǊΩǎ ǘǊŀƴǎŦƻǊƳŜŘ 
ŎƻǊǊŜƭŀǝƻƴ 
 
 

With respect to the sensitivity analysis of outliers, one study [335] seemed to have a 

slightly low influence, excluding that value did not affect the overall estimate of 

correlation, and hence it was retained in the analysis. For bias publication, we noted that 

the largest studies have the smallest standard errors (Figure 3.5). Half of the studies were 

within the diagonal lines for the 95% confidence limits around the pooling. 
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CƛƎǳǊŜ оΦрΦ CǳƴƴŜƭ Ǉƭƻǘ ŦƻǊ Ǉv/¢ ŀƴŘ 5·! 
 

 

3.3.3.3. Analysis of studies that compared quantitative ultrasound (QUS) 

and dual-energy X-ray absorptiometry (DXA) 
 

Of the seventeen studies that compared quantitative ultrasound (QUS) with DXA, 6 

demonstrated strong correlation [329, 330, 338-341]Σ 3 showed moderate correlation [342-

344], and 6 showed no correlation [345-350] (Table 3.4, 3.5 and, 3.6). 

Table 3.4. Studies showing a strong correlation between QUS and DXA. 

Authors Year Sample 
size 

Correlation coefficient between 
DXA and QUS parameters 

Comments 

Falcini et al  2000 108 BUA with BMDLS was (r = 0.83) 
BUA and BMCLS was (r = 0.81) 

BUA was significantly 
correlated with BMDLS 

and BMCLS 

Njeh et al  2000 22 BMDLS and Ad-SoS was (r = 0.57) 
BMDTB and Ad-SoS was (r = 0.68) 

BMDLS and BMDTB 
correlated significantly 
with tibia SOS 

Hartman et 
al  

2004 40 BMDLS and SOS at the radius (r = 
0.74) 
BMDLS and SOS at the tibia (r = 
0.26) 

There was a significant 
correlation between 
BMDLS and SOS at the 
radius and a weak 
correlation with SOS at 
the tibia 
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Aceto et al  2014 T0=30 
T1= 30 
T2=18 
T3=12 

AD-SoS Z-score (r = 0.86, 0.345, 
лΦулуΣ ҍлΦосуΣ ҍлΦлфύΦ 
BTT Z-score [(r = 0.519, 0.530, 
0.093, 0.405, 0.754,), 
respectively at different stages of 
the study (T0, T1, T2, T3, T4)] 

The BTT Z-score 
significantly 
correlated with the 
BMD Z-score at each 
stage, while there was 
variable correlation with 
AD-SoS Z-score at 
different stages of the 
GC treatment. 

Bak-Drabik 
et al  

2016 511 BMDLS and Ad-SoS was (r = 0.69) 
BMDTB and Ad-SoS was (r = 0.74) 

Ad-SoS correlated 
significantly and 
positively with BMDLS 
and BMDTB 

Adamczyk et 
al  

2018 76 Ad-SoS and BMDTB was (r = 0.77) 
Ad-SoS and BMDLS was (r value 
range 0.42ς 0.69) 

Ad-SoS was significantly 
correlated with BMDTB. 
Ad-SoS was moderately 
correlated with BMDLS 

 

Table 3.5. Studies showing a moderate correlation between QUS and DXA 

Authors Year Sample 
size 

Correlation coefficient between 
DXA and QUS parameters 

Comments 

Brukx et al  2003 40 Correlation coefficient between 
QUS and DXA parameters (r = 0.50) 

There was a moderate 
correlation between 
QUS and DEXA 
parameters 

Weeks et al  2016 
 

389 Correlation coefficient between 
BUA and BMC and BMD at the 
femoral neck (r = 0.47, 0.49) 
BUA and BMC and BMD at the 
lumbar spine (r = 0.49, 0.50) 
BUA and BMC and BMD at the 
whole body (r = 0.54, 0.56) 

BUA showed a 
moderate correlation 
with BMC and BMD  

Torres-
Costoso et al  

2018 107 Stiffness index (SI) (r = 0.43 ς 0.52) 
Broadband ultrasound attenuation 
(BUA) (r = 0.50 ς 0.58) 
Speed of sound (SOS) (r = 0.25 ς 
0.27) 

There was a moderate 
correlation between 
BMC DXA and QUS 
parameters; SI and BUA 
were positively 
correlated with DXA-
measured BMC except 
SOS 
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Table 3.6. Studies showing weak or no correlation between QUS and DXA 

Authors Year Sample 
size 

Correlation coefficient between 
DXA and QUS parameters 

Comments 

Christoforidis 
et al 

2010 26  No agreement was 
recorded between 
these 2 methods 

Christoforidis 
et al  

2011 27  No agreement was 
recorded between 
these 2 methods 

Sioen et al  2011 61 Correlation between SI and 
BMDTB was r =- 0.370 

SI was negatively 
correlated with BMDTB 

Wikiera et al  2018 43  No agreement was 
recorded between 
these 2 methods. 

Lageweg et al  2018 60 Correlation coefficient between 
DXA and QUS measurements 
was 0.291 

tŜŀǊǎƻƴΩǎ ŎƻǊǊŜƭŀǘƛƻƴ 
coefficients and partial 
correlation coefficients 
presented a weak 
correlation between 
DXA and pQUS 
parameters 

Srichan et al  2014 181 Correlation between BMD z-
score and SOS z-score was (r = 
0.02) 

There was a poor 
correlation between 
BMD z-score and SOS z-
score 

 

The positive relationship for QUS and DXA by pooled estimate, based on 13 studies, was 

0.57 [95% CI: 0.46; 0.67, p-value < 0.001] (Figure 3.6). The level of heterogeneity was 

high (I2 = 91%), and the Q-test was statistically significant (p-value < 0.001). 
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ŎƻǊǊŜƭŀǝƻƴ 

 

For bias publication, most studies were within the diagonal lines for the 95% confidence 

limits around the pooled correlation (Figure 3.7). 
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CƛƎǳǊŜ оΦтΦ CǳƴƴŜƭ Ǉƭƻǘ ŦƻǊ v¦{ ŀƴŘ 5·! 
 

Meta-analysis for estimating both sensitivity and specificity was based on extracting the 

number of TP, FP, FN and TN from three studies (Table 3.7). Two studies calculated the 

sensitivity and specificity of BHI values, comparing them with DXA parameters [7, 8] 

and one study compared QUS with DXA [350]. 

Table 3.7. Study-levels outcomes 

Authors Year TP FN FP  TN Sensitivity Specificity Weight 
specificity 

Weight 
sensitivity 

Neelis et 

al 

2018 37.50% 8.33% 4.16% 50% 0.818 0.923 14.444 36.558 

Nusman 

et al 

2015 5.71% 8.57% 17.14% 68.57% 0.400 0.800 33.333 17.411 

Lageweg 

et al 

2018 15% 6.66% 25% 53.33% 0.692 0.681 52.222 46.031 

 

The overall sensitivity was statistically significant [overall sensitivity = 0.71, p-value < 

0.001, 95% CI: 0.53 0.88] with low heterogeneity (I 2 = 14.8%). While the overall 

specificity was statistically significant [overall specificity = 0.80, p-value < 0.001, 95% 

CI: 0.66 0.94] with slightly moderate heterogeneity (I 2= 65.5%) (Figure 3.8). 
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3.4.    Discussion  
 

This systematic review and meta-analysis determine the accuracy and correlation of 

different bone imaging modalities when compared to DXA, which is viewed as the most 

reliable and is the most widespread method for assessing bone density in children and 

young people. 

Of the seven papers that compared digital X-ray radiogrammetry (DXR) with DXA, four 

found a moderate to strong degree of correlation [8, 332-334]. This suggests that DXR 

may provide results close to those obtained from DXA regarding measuring bone mineral 

density and might reflect the ability of DXR to be used as a reliable modality for 

evaluating bone density and for predicting fracture risk in children and young people. On 

the other hand, two studies concluded that the degree of correlation was poor [7, 9]. The 
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lack of a correlation between the z-scores derived from DXA and DXR in these studies 

may be due to the z-scores of these modalities were based on different reference 

populations. DXR with BHI can measure cortical thickness, metacarpal length, and width, 

which represent volumetric BMD (non-size dependence method), while DXA is unable to 

measure bone depth (it represents areal BMD). One could postulate that in fact BHI may 

be more reliable for assessing bone strength and predicting fracture risk in children.  

Four papers compared pQCT and DXA in the measurement of bone density in healthy and 

unhealthy children and young people [283, 335-337]. Only one study showed that 

trabecular vBMD and cortical CSA Z-scores, measured by pQCT, were strongly correlated 

with DXA BMD Z-scores, while the other showed a low to moderate correlation between 

different parameters of pQCT and DXA. The number of studies that addressed pQCT in 

this review, however, is small. Although pQCT can determine and measure the total, 

trabecular, and cortical BMD and provide various details about bone geometrical 

parameters [269], this tool has some drawbacks, such as being very sensitive to motion. It 

is therefore considered less suitable for use with young children. In addition, there is little 

paediatric reference data available in terms of different age groups, ethnicities, and ranges 

of health problems. Regarding the dose of radiation from both methods (DXA and pQCT), 

O'Brien et al. (2018) highlighted the fact that the ionising radiation dose of DXA was 

significantly lower than that from pQCT, the doses being 1-6 ɛSv and 10 ɛSv, respectively 

[336]. This limits the routine use of pQCT for bone health assessment in children. 

The choice of QUS as a preferred imaging modality for evaluating bone health in children 

and young people remains under debate. Out of a total of 17 papers, seven suggested that 

QUS is an acceptable technique for evaluating bone health in children and young adults 
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with different health conditions. Conversely, the other ten papers suggested that QUS may 

not detect children with poor bone mineral density as compared with DXA. Although the 

various QUS techniques used in assessing bone status in children depend on the same 

principles of physics, there are many differences between these quantitative ultrasound 

devices in precision, accuracy, and the skeletal sites that have been measured. For these 

reasons, the use of QUS as a reliable mobility aid for children is still controversial. 

Of the imaging modalities compared to DXA in this review, DXR appears to have the 

most promise, being inexpensive, widely available, and can be used easily in children 

because it is a quick technique with software available that allows reliable and 

computerised measurement of BHI. Additionally, BHI describes not only cortical 

thickness (T), which represents aBMD, but also measures metacarpal length and width, 

which represent vBMD (non-size dependence method). Furthermore, DXR is considered 

a safe tool for bone health in children because its radiation dose (to a peripheral site) is 

relatively low. The ionising radiation dose for a radiograph of the hand is <0.1 ɛSv [DXA 

radiation dose (1ï6 ɛSv)]. 

There are several limitations to our review. First, we only included studies published in 

the English language; thus, important data from studies in other languages may have been 

missed. Second, the analysis was limited to a population aged under 18 years. We excluded 

studies where the participants were both adults and children if the data relating to the 

children was not extractable. This decision led to the exclusion of several papers assessing 

HR-pQCT and MRI. Third, there existed significant statistical heterogeneity of the 

outcome measures due to variability across the study designs, imaging methods and 

parameters, follow-up duration, patient characteristics (gender, ethnicity, age, weight, 
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height), and other qualitative attributes. Fourth, only three papers in this review 

demonstrated the diagnostic accuracy of the imaging modalities compared to DXA. The 

meta-analysis to estimate both sensitivity and specificity was based on extracting the 

numbers of TP, FP, FN, and TN from the studies. These values were only found in three 

studies included in this review [7, 8, 350]. In addition, the methodological information for 

conducting the imaging techniques and the time interval between the standard test (DXA) 

and the index test (DXR, QUS, or pQCT) were not clarified in almost half of the papers.  

To summarise, no imaging modality can provide a full evaluation of bone health in 

children and young adults, with each having limitations. Our meta-analysis provides 

evidence for a strong correlation between DXR and DXA. Given that DXR gives a rapid, 

objective, and volume evaluation of bone health, further studies are warranted to assess 

its use as a low cost, rapid imaging technique to assess bone parameters and predict 

fracture risk in children and young adults. 

Supplementary data to this article can be found online at 

 https://doi. org/10.1016/j.bone.2021.116013. 
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In children under two years of age, does the bone health index 

value differ between those with and without osteogenesis 

imperfecta? 
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4.1.      Abstract 
 

Background 

In children with unexplained fractures who are below the age of two years, it may be 

difficult to distinguish those with low bone mineral density (BMD) due to conditions 

such as osteogenesis imperfecta (OI) from those who have been abused. Currently, no 

imaging modality can readily or reliably assess BMD or evaluate bone strength in this 

age group. 

Aim  

To investigate whether bone health index (BHI) and bone health index standard 

deviation scores (SDS) are sufficiently sensitive to distinguish between children under 

two years old with and without OI. 

Methods 

In this retrospective pilot study, we measured BHI and BHI SDS from 122 radiographs 

(33 OI, 89 suspected abuse) using BoneXpert software. Standard statistical methods (t-

test, Pearsonôs correlation) were applied in addition to clinical diagnostics, sensitivity, 

specificity, and receiver operating characteristic (ROC) curves. An arbitrary level of 

p<0.05 was assumed. 

Results 

BHI was significantly greater in the group without OI compared to the group with OI, 

3.75 and 3.41, respectively (p = 0.003). The percentage of children in the OI/non-OI 

groups with BHI Ò2.49, 2.5ï2.99, 3ï3.49, and Ó4 was 0%/0%, 27%/7%, 58%/28%, 

18%/29%, and 12%/36%, respectively. While BHI SDS was significantly greater in the 

group without OI compared to the group with OI, -0.039 and -0.451, respectively (p = 

0.01), BHI SDS was within the normal range (Ñ2) for both groups.  

Conclusion 

Although BHI SDS is lower in OI children, it remained within the normal range. Infants 

without OI had better volumetric bone mineral density, associated with stronger bones. 

This suggests BHI might be used to differentiate between young children with low BMD 

and those with healthy bones. Clinicians may find the cut-points established in this study 

useful for assessing the sensitivity and specificity of BHI in detecting OI and identifying 

individuals without OI. Further research is needed to assess BHI's clinical utility in this 

age group. 
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4.2.     Introduction  
 

Fractures are the second most common finding in physical child abuse after cutaneous 

injuries [351]. As physical child abuse is one of the most significant causes of child 

morbidity and mortality worldwide, the early detection of physical child abuse is essential 

in order to offer adequate care and prevent further abuse that may lead to death [7]. 

Physical abuse is most frequent in children under two years of age. These children are 

unable to describe what happened, and to reach a confident diagnosis, it is necessary to 

exclude all other possible causes of fracture, including conditions associated with reduced 

bone strength [138]. Imaging investigations are essential for diagnosing fractures in 

children with suspected physical abuse and helping to differentiate them from those 

children with underlying skeletal disorders predisposing to fracture. One such condition 

is osteogenesis imperfecta (OI), which is a range of hereditary disorders characterised by 

decreased bone density and increased fracture susceptibility. 

Currently, no imaging modality can reliably or readily evaluate bone strength and bone 

mineral density (BMD) in infants and young children [352]. Although dual-energy X-ray 

absorptiometry (DXA) is the present standard imaging modality used to measure BMD in 

children and adults as recommended by the International Society for Clinical 

Densitometry (ISCD) [138], this tool is unreliable in children below four years of age 

because it is size-dependent and cannot measure true volumetric bone mineral density 

(vBMD) [4, 190]. Additionally, DXA cannot predict future fracture risk in children or 

adults [5]. 



 
 

мпн 
 

While several imaging modalities are now widely accessible for assessing bone health in 

infants and young children, they each have specific limitations and challenges. For 

example, movement artefacts and the limited availability of paediatric reference data add 

further complexities to getting an imaging modality that provides an accurate assessment 

of bone health in this population [276, 288, 307].  

The recent appearance of digital X-ray radiogrammetry (DXR) is notable [353]. One of 

the key factors driving the renewed interest in DXR is the widespread availability of 

digital radiography systems in clinical settings. These systems offer improved image 

quality, faster image acquisition, and enhanced data storage and analysis capabilities 

compared to traditional film-based radiography. DXR is an inexpensive, widely available 

imaging method. Furthermore, it is considered a safe tool for assessing and evaluating 

bone health in infants and young children because its radiation dose is relatively low 

(about <1 ɛSv) and is applied to an extremity rather than a vital organ [161]. The use of 

specialised software such as BoneXpert enhances the capabilities of DXR, enabling 

accurate assessment of bone age and density from digital hand X-rays [6].  

The BoneXpert software (PACS Server version) was introduced in 2009 by Visiana, a 

company based in Hßrsholm, Denmark [163]. Initially designed for bone age and mass 

measurements, it uses an automated DXR feature to evaluate bone health index (BHI), 

providing insight into bone strength. It involves analysing the length, width, and cortical 

thickness of the three central metacarpals seen on hand X-rays. The programme also 

presents a standard deviation score (SDS) for BHI that is automatically computed and is 

age- and sex-matched based on a cohort of healthy Caucasian children [6]. BoneXpert 

offers AI-assist capabilities that are adaptable to user preferences. Moreover, it plays an 
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AI-extension role by computing the BHI. BoneXpert is CE-marked, and by April 2021, it 

had been adopted by 200 radiology departments, primarily located in Europe. These 

departments collectively conducted over 100,000 analyses annually using the system 

[354].  

BHI is readily calculated from hand radiographs, and if able to distinguish infants and 

children with reduced bone strength (and therefore at increased fracture risk), it would be 

a valuable tool. As a first step, prior to a prospective longitudinal study, we aimed to 

investigate whether BHI and BHI SDS values can differentiate infants and children under 

two years of age into two groups: those with and without OI. Our hypothesis posited that 

individuals without OI would demonstrate higher BHI values than those with OI, 

potentially aiding in differentiating bone fragility in children with unexplained fractures.Ш

The important question we sought to answer is, ñIn an infant or young child below two 

years of age with one or more unexplained fractures, can BHI values be used as a 

biomarker of bone fragility?ò. 
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4.3.     Materials and methods 
 

We retrospectively searched our picture archiving and communications system (PACS) to 

identify radiographs of suitable participants based on the selection criteria listed below 

and measured the BHI values using BoneXpert software. The differences in the mean BHI 

and BHI SDS were then compared between infants with and without OI. All the 

procedures performed in this study were in accordance with the ethical standards of 

Sheffield Childrenôs Hospital (SCH). For this retrospective study, formal patient consent 

and research ethics committee approval were not required, but the study received local 

R&D approval. 

4.3.1.     Patient selection 
 

All radiographs were retrospectively obtained from children who had attended the 

Radiology Department and/or OI clinic of SCH between March 2010 and June 2020 due 

to unexplained fractures.  

a. Radiographs were selected based on the following criteria:  

4. Participants aged between 1 month to one year and 364 days.  

5. Participants in the control group were cases suspected of physical abuse who had a 

left or right hand and wrist radiograph and in whom no underlying disease was 

identified (laboratory and genetics results for them were normal). 

6. Participants in the OI group were patients diagnosed with OI who had a left or right 

hand and wrist radiograph. 
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7. If two or more radiographs were taken on the same day, the first left-hand radiograph 

was chosen. 

 

b. Radiographs were excluded if:  

1. They were the second or subsequent of the same-sided hand and wrist radiographs 

taken on the same day for any purpose.  

2. BoneXpert was unable to calculate the BHI and/or BHI SDS. 

3. Participants (with or without OI) with their hands in a cast. 

4. Medication had been administered to participants in either group that could affect 

their bone health. 

4.3.2.     Hand radiographs and bone health index  
 

All dorso-palmar radiographs of the left or right hand were taken on a single emulsion 

film under standard conditions of a tube-to-film distance of 76 cm and exposure at 42 kV 

and 12 mA/s. The films were digitised in 300 dpi with 12 bits per pixel using a Vidar 

Diagnostic Pro Advantage scanner (Vidar, Hemdon, VA) and software version TWAIN 

5.2. All radiographs were stored in digital imaging and communications in medicine 

(DICOM) format on the trustôs PACS. BoneXpert software version 3 (PACS Server 

version) was used to analyse the radiographs and produce Greulich and Pyle (GP) bone 

age, BHI, and BHI SDS. 
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4.3.3.     Statistical analysis  
 

The statistical significance between the mean BHI of patients with and without OI was 

calculated using a two-tailed t-test. An arbitrary p-value of 0.05 (two tails) was chosen. 

The correlation was assessed using the Pearson correlation coefficient, and the statistical 

significance of the correlation (p < 0.05) was determined through a two-tailed t-test. The 

strength of the correlations was interpreted using Evansôs classification, where r < 0.19 is 

very weak, 0.20 Ò r Ò 0.39 is weak, 0.40 Ò r Ò 0.59 is moderate, 0.60 Ò r Ò 0.79 is strong, 

and 0.80 Ò r Ò 1.00 is very strong [355]. 

The possible effect of sex as a confounding variable was adjusted for by multiple 

regression analysis. The sample size was small to allow for other possible confounders. 

We generated a receiver operating characteristic (ROC) curve for BHI using a non-

parametric approach [356]. Individual cut-points of sensitivity and specificity can be 

drawn according to the usersô interest, and corresponding classifier values are given 

(Appendix 14). 

Statistical analysis was performed using STATA Statistical Software (version 18; 

StataCorp LLC, College Station, TX). 
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4.4.     Results 
 

4.4.1.     Demographic information  
 

After applying the selection criteria, 122 suitable radiographs were identified [33 for 

infants diagnosed with OI and 89 for those without OI (suspected cases of physical 

abuse)]. There were 66 females and 56 males in total (46 females and 43 males without 

OI). Box 4.1. is a flow diagram summarising the inclusion and exclusion of images. 

 
.ƻȄ пΦмΦ ƛǎ ŀ ƅƻǿ ŘƛŀƎǊŀƳ ǎǳƳƳŀǊƛǎƛƴƎ ǘƘŜ ƛƴŎƭǳǎƛƻƴκŜȄŎƭǳǎƛƻƴ ƻŦ ƛƳŀƎŜǎ 
 
 

The mean age of all participants was 9 months, with a median of 8 months (range from 1 

month to 23 months). For those with and without OI, the mean ages were 12 months (range 

from 1 month to 22 months) and 8 months (range from 1 month to 23 months), 

respectively. There was evidence of a difference between group means (p = 0.049). 

Regarding bone age, the mean for all participants based on the GP method was 10 months 

(1 year for participants with OI and 9.5 months for those without OI) (p = 0.100). 
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Demographic data are summarised in Table 4.1, while Figures 4.1 and 4.2 illustrate 

BoneXpert calculations for infants with and without OI, respectively. 

Table 4.1. Descriptive statistics for recruited participants 

 DǊƻǳǇ ǿƛǘƘ hL 
aŜŀƴ ό{5ύ 

wŀƴƎŜ DǊƻǳǇ ǿƛǘƘƻǳǘ hL 
aŜŀƴ ό{5ύ 

wŀƴƎŜ 

bǳƳōŜǊ ƻŦ 
ǇŀǊǝŎƛǇŀƴǘǎ 
 

оо όмо ƳŀƭŜǎύ  уф όпо ƳŀƭŜǎύ  

!ƎŜ όȅŜŀǊǎύ 
 

лΦуф όлΦррύ лΦлт ǘƻ мΦфн 
 

лΦсу όлΦрмύ лΦлф ǘƻ мΦфп 

.ƻƴŜ ŀƎŜ 
όȅŜŀǊǎύŀ 

 

мΦлл όлΦрлύ лΦлу ǘƻ мΦтс лΦумόлΦррύ лΦлп ǘƻ нΦрн 

.IL 
 

оΦпм όлΦртпύ нΦсс ǘƻ пΦум оΦтр όлΦрύ нΦтн ǘƻ рΦнф 

.IL {5{ 
 

πлΦпрм όлΦфпύ πмΦто ǘƻ мΦум πлΦлоф όлΦтсύ πмΦтт ǘƻ мΦуо 

a Greulich and Pyle method  

BHI bone health index, OI osteogenesis imperfecta, SD standard deviation, SDS standard deviation score 
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Dt DǊŜǳƭƛŎƘ ŀƴŘ tȅƭŜΣ a ƳŀƭŜΣ ¢²о ¢ŀƴƴŜǊ ŀƴŘ ²ƘƛǘŜƘƻǳǎŜ ǾŜǊǎƛƻƴ о 
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CƛƎǳǊŜ пΦнΦ ! ŘƻǊǎƻπǇŀƭƳŀǊ ǊƛƎƘǘπƘŀƴŘ ǊŀŘƛƻƎǊŀǇƘ ƻŦ ŀ мπƳƻƴǘƘπƻƭŘ ƎƛǊƭ ǿƛǘƘƻǳǘ ƻǎǘŜƻƎŜƴŜǎƛǎ ƛƳǇŜǊŦŜŎǘŀ ǎƘƻǿǎ ŀ ōƻƴŜ 

ƘŜŀƭǘƘ ƛƴŘŜȄ ό.ILύ ƻŦ пΦсф ŀƴŘ ŀ .IL ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǝƻƴ ǎŎƻǊŜ ό{5{ύ ƻŦ мΦумΦ .! ōƻƴŜ ŀƎŜΣ /ŀǳ9ǳ /ŀǳŎŀǎƛŀƴκ9ǳǊƻǇŜŀƴΣ 

C ŦŜƳŀƭŜΣ Dt DǊŜǳƭƛŎƘ ŀƴŘ tȅƭŜΣ ¢²о ¢ŀƴƴŜǊ ŀƴŘ ²ƘƛǘŜƘƻǳǎŜ ǾŜǊǎƛƻƴ 

 

 

 

We explored the relationship between BHI, group, and bone age by plotting the interaction 

between groups and bone age (Figures 4.3a and 4.3b). Nonparallel lines on the graph 

indicate an interaction between groups and quartiles of bone age. In individuals without 

OI, there is a linear decline in BHI with increasing bone age. In contrast, the OI group 

exhibits parallel trends until the second quartile, after which there is a notable decrease 

until the third quartile, followed by a return to parallel trends.  
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CƛƎǳǊŜ пΦоŀΥ wŜƭŀǝƻƴǎƘƛǇ ōŜǘǿŜŜƴ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ό.ILύΣ ƎǊƻǳǇΣ ŀƴŘ ōƻƴŜ ŀƎŜ ώǇǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ǊŜŦŜǊǎ ǘƻ ǘƘŜ 
ǇǊŜŘƛŎǘŜŘ ƳŜŀƴ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ό.ILύ ǾŀƭǳŜǎϐΦ hL ƻǎǘŜƻƎŜƴŜǎƛǎ ƛƳǇŜǊŦŜŎǘŀΦ 
 

 

 
CƛƎǳǊŜ пΦоōΦ wŜƭŀǝƻƴǎƘƛǇ ōŜǘǿŜŜƴ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ό.ILύ ώǇǊŜŘƛŎǘŜŘ ƳŜŀƴǎ ǊŜŦŜǊǎ ǘƻ ǘƘŜ ǇǊŜŘƛŎǘŜŘ ƳŜŀƴ ōƻƴŜ ƘŜŀƭǘƘ 
ƛƴŘŜȄ ό.ILύ ǾŀƭǳŜǎϐΣ ƎǊƻǳǇΣ ŀƴŘ ōƻƴŜ ŀƎŜ όфр҈ /L ŀŘŘŜŘύΦ hL ƻǎǘŜƻƎŜƴŜǎƛǎ ƛƳǇŜǊŦŜŎǘŀΦ 
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4.4.2.     Bone health index values 
 

As shown in Figure 4.4, the group with OI had a significantly lower BHI than the group 

without OI, 3.41 and 3.75 (mean difference = 0.33, 95% confidence interval [CI] = 0.11, 

0.56), respectively (p = 0.003). The mean BHI SDS was -0.451 for the patients with OI 

and -0.039 for those without OI (p = 0.01). However, BHI SDS for both groups fell well 

within the normal range (Ñ2 SD). 

  
CƛƎǳǊŜ пΦпΦ .ƻȄ ŀƴŘ ǿƘƛǎƪŜǊ Ǉƭƻǘǎ ŦƻǊ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ό.ILύ όŀύ ŀƴŘ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǝƻƴ ǎŎƻǊŜ ό.IL 
{5{ύ όōύ ŦƻǊ ǘƘƻǎŜ ǿƛǘƘƻǳǘ όDǊƻǳǇ мύ ŀƴŘ ǿƛǘƘ όDǊƻǳǇ нύ ƻǎǘŜƻƎŜƴŜǎƛǎ ƛƳǇŜǊŦŜŎǘŀΦ 
 

 

There was no change in the mean difference after adjusting for sex [mean difference = 

0.33 (95% CI: 0.10ï0.55). There was no difference between males and females for BHI 

and BHI SDS (p = 0.374 and p = 0.781, respectively) (Figure 4.5). 
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CƛƎǳǊŜ пΦрΦ .ƻȄ ŀƴŘ ǿƘƛǎƪŜǊ Ǉƭƻǘǎ ŦƻǊ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ό.ILύ όŀύ ŀƴŘ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǝƻƴ ǎŎƻǊŜ ό.IL 
{5{ύ όōύ ŦƻǊ ŦŜƳŀƭŜǎ όCύ ŀƴŘ ƳŀƭŜǎ όaύ 

 

Table 4.2 and Figures 4.6a, 4.6b, and 4.6c illustrate the distribution of children with and 

without OI based on their BHI values. In Figure 4.6a, we observed a downward slope 

from left to right in the distribution of BHI among children with OI, whereas in children 

without OI, the graph formed an "L" shape. However, in Figure 4.6b, the scatter plot 

between BHI SDS and bone age appeared random for both groups of children. BHI SDS 

values fell within the normal range for all children, irrespective of sex or OI status (Figure 

4.6c). 

Table 4.2. The distribution of children with and without OI based on bone health index 

BHI range With OI group 
n (%) 

Without OI group 
n (%) 

< 2.49 0 (0%) 0 (0%) 

2.50 ς 2.99 9 (27%) 6(7%) 

3 ς 3.49 19 (59%) 25 (28%) 

3.49 ς 3.99 6 (18%) 26 (29%) 

= or > 4 4 (12%) 32 (36%) 
BHI bone health index, OI osteogenesis imperfecta 
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CƛƎǳǊŜ пΦсŀΦ ! ǎŎŀǧŜǊ Ǉƭƻǘ ǎƘƻǿǎ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ό.ILύ ǾǎΦ ōƻƴŜ ŀƎŜ ƛƴ ŎƘƛƭŘǊŜƴ ǿƛǘƘ ŀƴŘ ǿƛǘƘƻǳǘ 
ƻǎǘŜƻƎŜƴŜǎƛǎ ƛƳǇŜǊŦŜŎǘŀ όhLύΦ Dt DǊŜǳƭƛŎƘ ŀƴŘ tȅƭŜ ōƻƴŜ ŀƎŜ  
 
 

 
CƛƎǳǊŜ пΦсōΦ ! ǎŎŀǧŜǊ Ǉƭƻǘ ǎƘƻǿǎ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǝƻƴ ό.IL {5{ύ ǾǎΦ ōƻƴŜ ŀƎŜ ƛƴ ŎƘƛƭŘǊŜƴ 
ǿƛǘƘ ŀƴŘ ǿƛǘƘƻǳǘ ƻǎǘŜƻƎŜƴŜǎƛǎ ƛƳǇŜǊŦŜŎǘŀ όhLύΦ Dt DǊŜǳƭƛŎƘ ŀƴŘ tȅƭŜ ōƻƴŜ ŀƎŜ  
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CƛƎǳǊŜ пΦсŎΦ ! ǎŎŀǧŜǊ Ǉƭƻǘ ǎƘƻǿǎ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǝƻƴ ό.IL {5{ύ ǾǎΦ ōƻƴŜ ŀƎŜ ƛƴ ŎƘƛƭŘǊŜƴ 
ǿƛǘƘ ŀƴŘ ǿƛǘƘƻǳǘ ƻǎǘŜƻƎŜƴŜǎƛǎ ƛƳǇŜǊŦŜŎǘŀ όhLύ όƳŀƭŜǎ ŀƴŘ ŦŜƳŀƭŜǎύΦ Dt DǊŜǳƭƛŎƘ ŀƴŘ tȅƭŜ ōƻƴŜ ŀƎŜ  
 
 

4.4.3.     Sensitivity and specificity for BHI values 
 

As sensitivity increased for BHI SDS, there was a corresponding decrease in specificity, 

as illustrated in Figure 4.7. The area under the curve (AUC) was calculated to be 0.66 

(95% CI = 0.51ï0.80, p = 0.017). When sensitivity was set at 0.80, specificity was found 

to be 0.47. On the other hand, when specificity was set at 0.80, sensitivity was determined 

to be 0.45. Other cut-point values for BHI were easily derived [Appendix 14]. Following 

adjustment of the ROC curve to account for both BHI SDS and bone age, the AUC 

remained relatively stable at 0.67 (Figure 4.7b).  
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CƛƎǳǊŜ пΦтŀΦ wŜŎŜƛǾŜǊ ƻǇŜǊŀǝƴƎ ŎƘŀǊŀŎǘŜǊƛǎǝŎ όwh/ύ ŎǳǊǾŜ ŦƻǊ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǝƻƴ ǎŎƻǊŜ 
ό.IL {5{ύ /L ŎƻƴŬŘŜƴŎŜ ƛƴǘŜǊǾŀƭ 
   

 

 
CƛƎǳǊŜ пΦтōΦ wŜŎŜƛǾŜǊ ƻǇŜǊŀǝƴƎ ŎƘŀǊŀŎǘŜǊƛǎǝŎ όwh/ύ ŎǳǊǾŜ ŦƻǊ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ǎǘŀƴŘŀǊŘ ŘŜǾƛŀǝƻƴ ǎŎƻǊŜ 
ό.IL {5{ύ ŀƴŘ ōƻƴŜ ŀƎŜΦ /L ŎƻƴŬŘŜƴŎŜ ƛƴǘŜǊǾŀƭ 

   

Similarly, for BHI, we observed that an increase in sensitivity coincided with a decrease 

in specificity, as illustrated in Figures 4.8a and 4.8b. The area under the curve (AUC) 

was calculated to be 0.67 (95% CI = 0.56ï0.79, p = 0.005). Specifically, at a sensitivity 
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of 0.809 (y-axis), the corresponding specificity was determined to be 0.393, while with a 

specificity of 0.787 (x-axis), a corresponding sensitivity of 0.393 was observed. Following 

adjustment of the ROC curve to integrate both BHI and bone age, the AUC increased 

slightly to 0.68 (Figure 4.8c). 

 
CƛƎǳǊŜ пΦуŀΦ wŜŎŜƛǾŜǊ ƻǇŜǊŀǝƴƎ ŎƘŀǊŀŎǘŜǊƛǎǝŎ όwh/ύ ŎǳǊǾŜ ŦƻǊ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ό.ILύΦ /L ŎƻƴŬŘŜƴŎŜ 
ƛƴǘŜǊǾŀƭΦ ¢ƘŜ ƛƴǘŜǊǎŜŎǝƻƴ ƻŦ ǊŜŘπŘŀǎƘ ƭƛƴŜǎ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ Ǉƻƛƴǘ ŀǘ ǿƘƛŎƘ ǎŜƴǎƛǝǾƛǘȅ ŀƴŘ ǎǇŜŎƛŬŎƛǘȅ ŎǊƻǎǎΦ  
 

 

 
CƛƎǳǊŜ пΦуōΦ wŜŎŜƛǾŜǊ ƻǇŜǊŀǝƴƎ ŎƘŀǊŀŎǘŜǊƛǎǝŎ όwh/ύ ŎǳǊǾŜ ŦƻǊ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ό.ILύΦ /L ŎƻƴŬŘŜƴŎŜ ƛƴǘŜǊǾŀƭ 
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CƛƎǳǊŜ пΦуŎΦ wŜŎŜƛǾŜǊ ƻǇŜǊŀǝƴƎ ŎƘŀǊŀŎǘŜǊƛǎǝŎ όwh/ύ ŎǳǊǾŜ ŦƻǊ ōƻƴŜ ƘŜŀƭǘƘ ƛƴŘŜȄ ό.ILύ ŀƴŘ ōƻƴŜ ŀƎŜΦ /L 
ŎƻƴŬŘŜƴŎŜ ƛƴǘŜǊǾŀƭ 
 
 

4.5.     Discussion 
 

In this retrospective study, a comparison between children below two years of age with 

and without OI revealed that both BHI and BHI SDS were notably higher in the non-OI 

group, which aligns with current research findings in this field [9].ШAccording to previous 

studies, BHI represents cortical bone mineral density [7, 9, 10, 357], which is a volumetric 

(vBMD) and non-size-dependent parameter, unlike areal BMD as measured by DXA.ШIn 

our cohort, the BHI (absolute score) was higher in the group without OI compared to the 

OI group. This suggests that infants without OI had better vBMD, associated with stronger 

bones. Therefore, BHI might be used to differentiate between young children with low 

bone mineral density and those with healthy bones. 

The BHI SDS for both groups in this study falls within the normal range (Ñ2 SD from the 

mean), indicating that the bone health of participants aligns with the expected range for 

their age and population norms. This study employed the BoneXpert software, which 
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automatically computes a SDS for BHI. While this software was initially based on a 

dataset derived from healthy Caucasian children aged 3ï19 years [6], it was updated based 

on a Paris longitudinal study to cover children under two years old [176]. This dataset was 

created based on measuring the metacarpal index (MCI) [155, 176], which assumes the 

bone of interest to be cylindrical in shape. To calculate the MCI, measurements of total 

outer width (W) and medullary inner width (w) were taken halfway up the second 

metacarpal. The MCI is then computed as the ratio of cortical width to total width (W 

minus w) divided by W. While the MCI provides valuable insights into bone density, it 

does not directly consider the length of the bones, which is particularly important in 

infants and paediatric subjects. Therefore, the use of this database to cover children under 

two years old may have influenced the BHI SDS in this study, which may explain why the 

BHI SDS for both groups fall within the normal range.   

Figures 4.3a and 4.3b show that the BHI decreased after birth, with a significant 

reduction in this value during the first-year bone age. This finding goes with the 

observations made by Thodberg et al. [176], who noted a significant decrease in both the 

MCI and the BHI during the first year of life. This decrease was correlated with an increase 

in bone width and length, as well as a reduction in cortical thickness during the first year 

of life [356]. 

All children recruited for this study were less than two years of age. While there was a 

significant difference in chronological age between the OI and non-OI cohorts (p = 0.049), 

there was no significant difference between them for bone age (p = 0.100), on which BHI 

SDS is based. When we adjusted the BHI for age in our ROC curve analysis, we observed 

only minimal changes in the discriminatory ability between the two groups, with an AUC 
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of 0.68. However, the shape of the ROC curve exhibited a distinct alternation. Similarly, 

when we adjusted the BHI SDS for bone age, we found minimal changes in discriminatory 

ability between the two groups, with an AUC of 0.67. Furthermore, a substantial increase 

in the sample size could lead to a smooth ROC curve, offering improved precision and 

robustness to the analysis.  

In this study, we selected two groups of patients who should have different BHI/BHI SDS 

scores to ascertain the degree of difference. One of these groups was patients with OI 

because they typically have low BMD, and this will help us assess whether BHI reflects a 

difference between patients with and without OI. Osteogenesis imperfecta is a group of 

heritable disorders that cause reduced bone density and increased fractures from minor 

trauma in those affected. The underlying mechanism of OI is the presence of abnormal or 

insufficient type I collagen. Approximately 90% of OI patients have a mutation in one of 

the COL1A1 or COL1A2 genes, which code for the pro1 and pro2 chains of type I 

procollagen, respectively [24, 358, 359].ШThe other group was infants with suspected abuse 

(with normal laboratory findings and genetic studies). 

The findings of this study show that approximately 86% of children diagnosed with OI 

had BHI values falling within the range of 2.5 to 3.5. While 93% of children without OI 

demonstrated BHI values above 3, approximately 58% of them exceeded 3.5. The ability 

of BHI to distinguish between those with OI and those without OI goes beyond chance, 

as indicated by the lower confidence interval above the reference line. However, it is 

crucial to acknowledge that discriminatory power is not flawless. For every given BHI 

threshold, we can extract the sensitivity and specificity values, as detailed in (Appendix 

14). Let us consider an illustrative scenario: Using a BHI cut point of 3.23, the sensitivity 



 
 

мсл 
 

is 0.809 (Y-axis) and the specificity is 0.393 (X-axis). At these two values, 30.3% are 

misclassified (OI into non-OI) or 69.7% are correctly classified into the two 

categories.Another finding in this study is that there was no observed difference in the 

BHI and BHI SDS between males and females in both groups of infants and young 

children. This lack of disparity suggests that males and females may have similar bone 

characteristics during their earliest years of life. Previous research supports this point, 

indicating that differences in bone mineral content between boys and girls start as they 

reach puberty (typically around 10ï11 years of age) [360-362].  

This study has some limitations. First, the number of participants in the two groups is 

unequal. There were only 33 patients in the OI group, compared to 89 in the control group. 

Studying groups of equal size (a balanced sample size) might make the comparison more 

accurate.Ш 

Second, we did not record the ethnicity of recruited patients (being a retrospective study). 

Ethnicity is likely to play a role in BHI values, as BMD varies by race and ethnicity. For 

example, African, African American, and Hispanic individuals tend to have a higher BMD 

than Asian and Caucasian individuals [363-365]. BoneXpert software is primarily used in 

Europe and the UK, where it has been employed in clinical settings and research 

endeavours. While the lack of FDA approval for use in the United States is noted, it is 

important to highlight that regulatory approval processes may vary between regions and 

countries. 
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BoneXpert software may encounter challenges in interpreting abnormal hand radiographs, 

particularly those with blurry or unclear edges and bone markers, accounting for the 

exclusion of 136 radiographs.  

Finally, this was not a powered study. While we could have performed a post-hoc power 

calculation, this is not recommended in practice [366]. A large longitudinal study is 

required to assess the validity and precision of BHI in young children. In 2004, the World 

Health Organisation recommended a sample size of 200 per age group per sex [367]. 

While there has been little progress since, Cole (2021) provided a theoretical basis for 

sample size estimation for reference centiles, which suggested a sample size of 7,000 to 

25,000 per sex [368]. This number is impractical, explaining why we took a pragmatic 

approach, recruiting a convenience sample within a predetermined time frame. 

4.6.     Conclusion 
 

Statistically significant differences in BHI and BHI SDS were observed between infants 

and young children with and without OI. However, the BHI SDS values in the OI group 

remained within the normal range, suggesting that bone health in these individuals did not 

deviate significantly from the expected norm. With a child under 2 years old presenting 

with unexplained symptoms, a BHI value of 4.72 or higher indicates a remarkable level 

of specificity (> = 95%). In other words, the BHI demonstrates remarkable effectiveness 

in ruling out the presence of osteogenesis imperfecta (OI) in the majority of cases, 

accurately identifying individuals without OI. Larger studies are required to validate these 

results. 
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Section 2 

Main study 
 

 

The Correlation between Bone Health Index and 

High-Resolution Peripheral Quantitative 

Computed Tomography in Children 
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Chapter 5 

Methodology 
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In this chapter, the approach that was followed in order to assess the correlation between 

the DXR and HR-pQCT methods was outlined. The requirements stage and participant 

selection will be explained here in detail. The imaging modalities (DXR and HR-pQCT) 

that were used in this project and image acquisition information are also explained in this 

chapter. In addition, statistical analysis and data handling are also discussed.   

This project was a prospective observational cohort study conducted over the last three 

years. A total of 36 participants between the ages of 8 and 16 years were recruited between 

July 2021 and May 2023. Twenty healthy controls and 16 bisphosphonate-naµve patients 

with reduced BMD (as confirmed by DXA) were included. Consent was obtained from 

each child and their family/carers before the child underwent a non-dominant hand and 

wrist radiograph and an ipsilateral distal radial HR-pQCT scan. The radiographs and HR-

pQCT scans were performed at two different hospitals: Sheffield Childrenôs Hospital 

(SCH) and the Northern General Hospital (NGH), as HR-pQCT scanning is unavailable 

at SCH. The data collection and project management were facilitated using EDGE 

(Electronic Data Gathering and Evaluation) version 3. The project was given an EDGE 

ID 134564, which was used to track and manage project-related activities, including 

documentation (consents, assents, and questionnaires), approvals, and data storage. 

    5.1.    Participant selection and recruitment 
 

In this study, 22 healthy controls were recruited by approaching healthy siblings of patient 

participants and via generic emails to SCH staff and the University of Sheffield (UoS) 

using the UoS email database. Twenty healthy participants were included in this study; 

three were patientsô siblings, and 17 were children of staff members at UoS and SCH. The 
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HR-pQCT scans from two healthy participants were excluded due to movement artefacts. 

The cohort was designed to ensure an equal distribution of male and female children (10 

males and 10 females) (Box 5.1). 

 
.ƻȄ рΦмΦ ! ƅƻǿ ŘƛŀƎǊŀƳ ǎǳƳƳŀǊƛǎƛƴƎ ǘƘŜ ǊŜŎǊǳƛǘƳŜƴǘ ǇŀǘƘǿŀȅ ƻŦ ƘŜŀƭǘƘȅ ŎƻƴǘǊƻƭǎ 

 
 

The bisphosphonate-naµve patients were identified by members of the collaborating 

clinical team at the Clinical Research Facility (CRF) and the paediatric metabolic bone 

clinic of SCH (NJB and PA), based on the inclusion and exclusion criteria.  

Inclusion criteria:  

¶ Caucasian children of both sexes aged between 8 and 16 years. 

¶ Children with low BMD due to any cause (e.g., use of corticosteroids or 

other bone-modifying drugs, long-term chronic disease, fragile bone 

diseases, or immobility) who had not received bisphosphonate therapy. 

¶ A child and their parents must be able to read and write in English to enable 

them to read and understand the information sheets and sign the 

consent/assent forms. 
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¶ Fully informed assent and consent were obtained. 

Exclusion criteria 

¶ Children with low BMD who had received bisphosphonate therapy. 

¶ Family unable to travel to Sheffield or the Northern General Hospital (NGH) (for 

whatever reason). 

¶ Patients with severe illnesses who were unable to travel from SCH to NGH (for 

whatever reason). 

¶ Patients having a history of wrist fracture or surgery in both hands. 

¶ A child or parents unable to read and write in English. 

 

The previous DXA scans and medical records of patients with low BMD who were not 

receiving bisphosphonate treatment were reviewed. The identified (potentially eligible) 

patients and their parents/carers were contacted by a member of the collaborating clinical 

team (NJB and PA) prior to or during their clinical appointments (face-to-face meetings 

or by phone). NJB and PA introduced the study to the patients and their parents/carers 

during this meeting. Then, HS (the Good Clinical Practice-certified PhD student) 

explained the study and answered all of the parent/guardian and childôs questions. The 

participants and their families/carers received age-specific information sheets to read and 

understand the project plan. A copy of the participantôs information sheet (PIS) and 

parentôs information sheet are attached in the appendices (Appendices 2-4). The 

parents/carers and their children were given at least 24 hours after obtaining the 

information sheet to sign the consent and assent forms (Appendices 5-7). The aim of this 
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period was to give them enough time to read and understand the study, ask any further 

questions, and decide if they were happy to participate in it or not. 

The eligibility of the 42 patients with low BMD who were not receiving bisphosphonate 

therapy was then assessed. There were 26 participants excluded from the study for the 

following reasons: 12 had started bisphosphonate therapy before the date of their 

scanning, 11 were unhappy about the transportation arrangements, two participants 

withdrew from the study during the period when the HR-pQCT scanner was broken 

(September to October 2022), and one had broken bones in both the forearms and wrists 

(Box 5.2). 

 
.ƻȄ рΦнΦ ! ƅƻǿ ŘƛŀƎǊŀƳ ǎǳƳƳŀǊƛǎƛƴƎ ǘƘŜ ǊŜŎǊǳƛǘƳŜƴǘ ǇŀǘƘǿŀȅ ƻŦ ōƛǎǇƘƻǎǇƘƻƴŀǘŜπƴŀƠǾŜ ǇŀǝŜƴǘǎ 

 

All of the recruits and their families/carers had the opportunity to withdraw from the study 

at any time. All participants were included in the study from the point of signing the 

consent/assent forms until they had completed the questionnaire. All eligible participants 

and their parents/carers signed the consent and assent forms on the same day as the scan 
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but before it was applied. All of the patientsô details, data, and scans were anonymised. 

The study was conducted in accordance with the Data Protection Act of 2018. 

5.2.     Study process 
 

The participants underwent DXR and HR-pQCT scans on the same day at two different 

hospitals. 

At Sheffield Childrenôs Hospital (SCH), all participants (the healthy controls and the 

bisphosphonate-naµve group) underwent non-dominant hand and wrist radiographs. 

Experienced radiographers in the Radiology Department at SCH performed hand and 

wrist X-rays (BHI values and bone age). The visits lasted approximately 10ï20 minutes 

(capturing the image lasted less than two minutes, with a waiting time of 10ï15 minutes). 

Following completion of the first image at SCH, the participants and their 

parents/guardians travelled by taxi with HS to NGH on the same day (some families 

preferred to drive themselves, but we covered the parking fees). We covered their 

transportation costs from SCH to NGH (the journey was approximately five miles and 

took 15ï20 minutes). 

In the Clinical Research Facility (CRF) at the Northern General Hospital (NGH), all 

of the participants underwent an HR-pQCT scan of the ipsilateral distal radius in addition 

to measuring their height (m) and weight (kg). These studies were performed by Dr 

Margaret Paggiosi (MP), an experienced radiographer. This visit lasted about 20ï30 

minutes: ten minutes to explain the scanning principles and prepare the participants for 

the scanning (to minimise the motion artefacts, the arm was immobilised in a carbon cast 
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during the scan), five minutes for the scanning, and five minutes for height and weight 

measurements.  

Prior to exiting the study, the participants and their parents/guardians were requested to 

complete a questionnaire about their experience with DXR and HR-pQCT (Appendix 8); 

in addition, the patient group was asked how these methods compared with DXA 

(Appendix 9). Completing the questionnaire took approximately five minutes. At the end 

of the study, the participants were offered vouchers to the value of Ã20. All of the visits 

and scans were supervised and monitored by HS. 

Hand radiographs and HR-pQCT scans were anonymised, and each participant was given 

a unique study code, consisting of the participantôs recruitment number and their date of 

birth. The study number was used on all of the study forms, data, and participant scans to 

preserve confidentiality. 

5.3.     Measurements  
 

5.3.1.     Demographic and anthropometric data 
 

The participantsô information (name, date of birth, sex, hospital number, address, and 

contact number) was recorded in a secure document. At NGH, all participants underwent 

assessments of their height and weight without shoes and with light clothes. An electronic 

wall-mounted stadiometer (Seca, Birmingham, UK) was used to measure height to the 

nearest 0.1 cm, and weight was measured to the nearest 0.1 kg using an electronic weight 

scale (Figure 5.1). The lambda-mu-sigma (LMS) approach was used to compute the age- 
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and sex-adjusted Z scores for height, weight, and body mass index (BMI) using UK 

population reference data [369].  

 

CƛƎǳǊŜ рΦмΦ ¢ƘŜ ŜƭŜŎǘǊƻƴƛŎ ǿŀƭƭπƳƻǳƴǘŜŘ ǎǘŀŘƛƻƳŜǘŜǊ ŀƴŘ ŜƭŜŎǘǊƻƴƛŎ ǿŜƛƎƘǘ ǎŎŀƭŜ 

 

5.3.2.     Hand radiography (DXR) 
 

For this project, digital radiographs of the non-dominant hand and wrist (dorso-palmar 

hand radiographs) were acquired using a Philips Digital Diagnost X-ray room in the 

Radiology Department at SCH [focal-film distance (FFD) 100 cm, tube voltage 40ï42 kV; 

and tube current-time product 1.6 mAs]. These images were processed using BoneXpert 

Server version 3.0.3. Qualified radiographers obtained the images for all participants. 

After checking the participantôs details, the radiographer scanned the non-dominant hand 
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after asking the participant which his/ her dominant hand had (two patients had previous 

fractures in their non-dominant wrists; for these patients, the dominant hand was scanned). 

The participant was seated with their wrist parallel to the image receptorôs surface. The 

hand and forearm were flattened and pronated. The films were digitised in 300 dpi with 

12 bits per pixel using a Vidar Diagnostic Pro Advantage scanner (Vidar, Hemdon, VA, 

USA) and software version TWAIN 5.2. 

The digital images were stored on the picture archiving and communication system 

(PACS) at SCH in DICOM (digital imaging and communications in medicine) format, 

which includes information related to images, such as image interpretation, resolution, 

and printing instructions. In addition, the participant's sex and the date of the X-ray study 

were recorded. BoneXpert software version 3 (PACS Server version; Visiana, Hßrsholm, 

Denmark) was used to analyse the hand radiographs. BoneXpert software is web-based 

software that calculates the amount of cortical bone in the metacarpal bones to measure 

bone age, BHI, and BHI SDS. This calculation is performed automatically (as described 

in Chapter 2, Section 2.2.1.3). 

The images were first reduced to 150 dpi and 8 bits, and then the boundaries of the 

metacarpals (and other bones) were determined. For more mature bones, the boundary 

includes both the diaphysis and the fused epiphysis, while for less mature bones, there are 

separate boundaries for the diaphysis and the epiphysis (Figure 5.2). The boundary of the 

diaphysis is computed as 64 points, which correspond to the exact anatomical locations 

across subjects [6].  
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CƛƎǳǊŜ рΦнΦ ! ŘƻǊǎƻπǇŀƭƳŀǊ ƭŜƊπƘŀƴŘ ǊŀŘƛƻƎǊŀǇƘ ƻŦ ŀƴ ммπȅŜŀǊπƻƭŘ ōƻȅ όƘŜŀƭǘƘȅ ŎƻƴǘǊƻƭύ ǎƘƻǿǎ ǘƘŜ ōƻƴŜ 
ōƻǊŘŜǊǎ ƻǳǘƭƛƴŜŘ ōȅ .ƻƴŜ·ǇŜǊǘ όǿƛǘƘ ŘƻǧŜŘ ǿƘƛǘŜ ƭƛƴŜǎ ŀǊƻǳƴŘ ǘƘŜ ƛƴŘƛǾƛŘǳŀƭ ōƻƴŜǎΣ ƻǊ ƻǎǎƛŬŎŀǝƻƴ ŎŜƴǘǊŜǎ 
ŦƻǊ ŎŀƭŎǳƭŀǝƴƎ ōƻƴŜ ŀƎŜύΣ .! όDtύ DǊŜǳƭƛŎƘ ŀƴŘ tȅƭŜ ōƻƴŜ ŀƎŜΣ /ŀǳ9ǳ /ŀǳŎŀǎƛŀƴκ9ǳǊƻǇŜŀƴΣ a ƳŀƭŜΣ ¢²о 
¢ŀƴƴŜǊ ŀƴŘ ²ƘƛǘŜƘƻǳǎŜ ǾŜǊǎƛƻƴ о 

 

Two points (the proximal and distal ends of the diaphysis) defined the bone axis of the 

three middle metacarpal bones. The length (L) of the bone was measured along this axis 

(epiphysis included). ROI was placed at 44% from the proximal end of the bone, extending 

along 25% of its length. The cortical thickness (T) and width (W) of the metacarpals in 

this area were measured (Figure 5.3). The results are expressed as the bone health index 

(BHI) using the following formula: BHI = T/(LW)O.33 [162].  
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ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ƭŜƴƎǘƘ ƻŦ ǘƘŜ ƳŜǘŀŎŀǊǇŀƭ ōƻƴŜ ό[ύΣ ǘƘŜ ȅŜƭƭƻǿ ŀǊǊƻǿ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŎƻǊǝŎŀƭ ǘƘƛŎƪƴŜǎǎ ό¢ύΣ ŀƴŘ 
ǘƘŜ ōƭǳŜ ŀǊǊƻǿ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ǿƛŘǘƘ ƻŦ ǘƘŜ ōƻƴŜ ό²ύ 

 

BHI SDS is calculated automatically based on database obtained from a large cohort of 

Caucasian children and converted to standard deviation adjusted for bone age [165]. 

Bone age is automatically calculated based on the Greulich & Pyle (GP) method [370]. 

We selected the GP rather than the Tanner-Whitehouse method (TW2) [164] because 

the TW2 method assesses and scores each bone in the hand and wrist radiograph against 

reference ñnormalò radiographs of individuals of various ages before calculating an 

estimated age (which is time-consuming). In contrast, the GP method compares the whole 

image and makes an estimation of bone age. GP is considered a rapid, reliable method for 

bone age calculation [371]. 

 



 
 

мтп 
 

5.3.3.     HR-pQCT scan 
 

HR-pQCT scans of the distal radius were performed for all of the participants in the Centre 

for Biomedical Research at NGH using a first-generation HR-pQCT scanner (XtremeCTI, 

Scanco Medical AG, Br¿ttisellen, Switzerland) (Figure 5.4). The scan was operated on 

by an experienced radiographer (MP) according to the standard operating procedures and 

methods used previously by Paggiosi et al. [372]. The principle behind HR-pQCT is 

similar to that behind the QCT scanner (described briefly in Chapter 2, Section 2.2.5.1.1). 

All scans were performed on the non-dominant hands except for two participants who had 

a prior fracture in the non-dominant radius, in which case the contralateral hands were 

scanned. 

 
CƛƎǳǊŜ рΦпΦ IwπǇv/¢ ǎŎŀƴƴŜǊ ό·ǘǊŜƳŜ/¢ LΣ {ŎŀƴŎƻ aŜŘƛŎŀƭ !Dύ όǇŜǊƳƛǎǎƛƻƴ ŦǊƻƳ ǘƘŜ ǇŀǊǝŎƛǇŀƴǘ ǿŀǎ 
ƻōǘŀƛƴŜŘ ŦƻǊ ǘƘƛǎ ǇƛŎǘǳǊŜύ 
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Table 5.1. Technical parameters of the first-generation HR-pQCT scanner (XtremeCT I, 

Scanco Medical AG, Br¿ttisellen, Switzerland) for distal radius scans 

¢ŜŎƘƴƛŎŀƭ ǎǇŜŎƛŬŎŀǝƻƴǎ ±ŀƭǳŜǎ 

9ƴŜǊƎȅ όƪ±Ǉύ сл 

/ǳǊǊŜƴǘ ό!˃ύ  флл 

LƴǘŜƎǊŀǝƻƴ ǝƳŜ όƳǎύ млл 

CƛŜƭŘ ƻŦ ǾƛŜǿ όCh±ύ όƳƳύ мнс 

{Ŏŀƴ ǝƳŜ όƳƛƴύ нΦу 

±ƻȄŜƭ ǎƛȊŜ όƳ˃ύ унΦл 

{Ǉŀǝŀƭ ǊŜǎƻƭǳǝƻƴ όƳ˃ύ мопΦс ς мрпΦп 

9ũŜŎǝǾŜ ǇŀǝŜƴǘ ŘƻǎŜ оπр 

{ǘŀǊǘ Ǉƻǎƛǝƻƴ όƳƳύ фл όŎŀƴ ōŜ ŎƘŀƴƎŜŘύ 

9ƴŘ Ǉƻǎƛǝƻƴ όƳƳύ мнл όŎŀƴ ōŜ ŎƘŀƴƎŜŘύ 

CƛƭǘŜǊ ό!ƭκлΦм /ǳύ  лΦс 

bǳƳōŜǊ ƻŦ ǎƭƛŎŜǎ ммл 

¢ƘŜ ǊŜŦŜǊŜƴŎŜ ƭƛƴŜ м ƳƳ ǇǊƻȄƛƳŀƭ ǘƻ ǘƘŜ ƎǊƻǿǘƘ ǇƭŀǘŜ 

aŀȄƛƳǳƳ ƻōƧŜŎǘ ƭŜƴƎǘƘ όŎƳύ нл 
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5.3.3.1.     Quality Assurance 
 

The HR-pQCT scannerôs quality assurance was evaluated by an operator (MP) based on 

a weekly and daily schedule. The QC tests were designed to compare the measured values 

to the reference values supplied by Scanco during the XtremeCT device installation. A 

daily routine quality control test (QC1) was performed prior to the acquisition of the 

patient scans to ensure that there had not been any drifts or shifts in the results over time 

(to check the stability of the scanner) while the weekly routine measurements were being 

performed to monitor the properties of bone microstructures. The manufacturerôs test 

phantom (Scanco Medical AG) (Figure 5.5) consists of five hydroxyapatite-resin sections 

of varied densities that simulate varied BMDs. The densities of these sections begin at 0 

mgHA/cm3, which represents soft tissue; the densities gradually increase to 100 

mgHA/cm3, 200 mgHA/cm3, 400 mgHA/cm3, and 800 mgHA/cm3. Another control test 

was performed weekly to test the stability of the Discovery A Densitometry by using the 

European Spine Phantom (QRM-Quality Assurance in Radiology and Medicine, 

Moehrendorf, Germany). 

 
CƛƎǳǊŜ рΦрΦ ¢ƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǘŜǎǘ ǇƘŀƴǘƻƳ ό{ŎŀƴŎƻ aŜŘƛŎŀƭ !Dύ 



 
 

мтт 
 

5.3.3.2.     Preparation prior to the scanning 
 

Before initiating the scans, a pre-calibration test was operated (during which the 

participant was not in the scanner). An immobilisation arm carbon cast was utilised to fix 

the participantôs arm inside the scanner to decrease the risk of motion artefacts (Figure 

5.6) When necessary, pads and supporting pillows were employed for optimal alignment 

to ensure that the participant was comfortable and eliminate movement throughout the 

scan. During the scan, the participants were advised to stay still without movement. The 

scan could be repeated once due to motion artefacts. Two healthy male participants were 

excluded from the study due to the obvious movement that occurred in two sequential 

scans. The first one was a 12-year-old boy. He tried hard to stay calm, but his hand 

shivered and moved constantly. The second one was an 8-year-old boy, who was unable 

to remain still for three minutes.  

   
CƛƎǳǊŜ рΦсΦ {Ƙƻǿǎ ǘƘŜ ŀǊƳ ŎŀǊōƻƴ Ŏŀǎǘ ŀƴŘ ǘƘŜ ǇƻǎƛǝƻƴƛƴƎ ƳŜǘƘƻŘ 
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5.3.3.3.     Image Acquisition 
 

An exploratory óanteroposterior scoutô projection image of the distal radius was obtained 

to identify the ROI. First, the reference line was marked on the scanned image (1-2 mm 

away from the growth plate), and the tomographic region span was then determined to be 

about 9.02 mm in length (110 slices) [372] (Figure 5.7). This modification was required 

to determine the ROI while avoiding radiation exposure to the epiphyseal growth plate in 

children and protecting it from the harmful effects of ionising radiation [296]. The 

effective radiation dose of the HR-pQCT scan was very low, around three ɛSv per scan 

(approximately half a dayôs exposure to naturally occurring background radiation). 
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5.3.3.4.     The HR-pQCT image grading system  
  

The operator visually assessed the image quality and validity for analysis after the scan 

had been completed and before it was analysed. The quality of each scan image was 

categorised into four classes using the visual grading system described by Engelke et al. 

[373] (Figure 5.8). 
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ƻƴŎŜύ 
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If the scan quality was G3 or G4, the scan was repeated. A maximum of two scans were 

performed for each participant. Two participants were excluded from the study because 

their images were classified as G4 in both trials (i.e., obvious movement artefacts were 

apparent on the scans). 
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5.3.3.5.     HR-pQCT processing and analysis 
 

HR-pQCT scan processing (contouring, segmentation, and analysis) was achieved 

utilising the standard built-in software (version 6.0, Scanco Medical) of the device. Under 

the guidance of an expert operator (MP), this process was performed in stages: 

Contouring and segmentation steps  

This was the first step in the HR-pQCT analysis process. The aim of this step was to define 

the bone tissue. The bone was extracted from the surrounding soft tissue in the first slice 

of the entire HR-pQCT stack by delineating a contour around the periosteal area of the 

cortical bone (Figure 5.9). After that, the programme semi-automatically applied contours 

to the following 109 slices. All of these slices were carefully checked by MP, who made 

any necessary modifications to the periosteal contours. The cortical and trabecular 

compartments were automatically delineated using a filter and threshold-based automatic 

segmentation algorithm [the manufacturerôs (Scanco Medical) protocol] [296]. 
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Standard analysis 

In this stage, the standard parameters, such as the total bone area and volumetric BMD, 

were directly measured. The cortical and trabecular densities were calculated individually 

by correlating the CT linear attention values (Hounsfield units) with established densities 

derived from a calibration phantom. The microarchitectural characteristics of the 

trabecular bone (number, thickness, separation, and inhomogeneity) were also examined 

during this stage. 

Extended cortical analysis 

This procedure was used to determine cortical properties such as thickness, pore diameter, 

and porosity. At this point, the cortical and trabecular bone components had successfully 

differentiated. It is worth noting that this critical work is made more difficult in certain 

circumstances. For example, if the cortex is thin and/or porous, or if the trabecular 

structure is dense and tightly attached to the cortex, particularly as a result of underlying 

bone disease or the effects of medication on the bone [374, 375]. Special software 

provided by Scanco Medical (version 6) was utilised for extended cortical analysis 

according to the approach described by Burghardt et al. [374]. A dual-threshold 

segmentation approach was applied during this stage to provide excellent delineation and 

segmentation of the cortical and trabecular bones [376]. It used a two-step method to 

detect the periosteal and endocortical surfaces automatically. First, a filter was applied to 

the formerly obtained segmented bone volume to build a mask of the entire bone area. 

Second, the trabecular compartment was removed from the original segmented bone using 

a dilation-erosion approach, leaving the mask cortical compartment in place, after which 
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an extended cortical analysis was performed. The periosteal and endocortical counters 

were reviewed and checked manually by MP.  

Finite element analysis 

In this study, FEA was performed using software developed by Scanco Medical (version 

1.13; FE-solver included in the Image Processing Language, Scanco Medical AG, Zurich, 

Switzerland) to obtain information about the boneôs mechanical properties, such as 

stiffness, estimated failure load, and the percentage load carried by the trabecular and 

cortical bone on the distal and proximal ends of the radius. 

The FE model parameters used in this study were set as; a Youngôs modulus of 17 GPa for 

trabeculae bone and Youngôs modulus of 20 GPa for cortical bone and Poissonôs ratio, a 

measure of material deformation, was specified as 0.3 for all elements in the model [377]. 

The distal region of the tibia had been exposed to an axial force of 1,000 N, while the 

proximal region remained fixed. To compute the estimated failure load, Pistoia et al.ôs 

assumption was used [128]. Under this assumption, load failure occurs when around 2% 

of the bone is subjected to strain over a critical strain threshold of 7,000 Õstrain.  
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5.3.4.     Participantsô opinion (Five minutes questionnaire) 
 

Once the scans and measurements were completed, each participant received a 

questionnaire about their experience during the scanning process, how they rated the 

DXR, HR-pQCT, and DXA scans (the DXA scanôs experience was just for the patient 

group), and how comfortable they found the methods. For each of the questions above, 

three options were provided: "very uncomfortable", "uncomfortable", and "no problem". 

Finally, the children were asked which scans they preferred, why, and if they had 

experienced any difficulties with any method. 

5.4.     Data analysis  
 

To achieve the research objectives (mentioned in Section 5.2), HS [assisted by a 

statistician (AR)] applied different statistical methods to the dataset of interest. Each 

technique was chosen to suit the type of data and the research objective. Statistical analysis 

was performed using STATA Statistical Software (version 18; StataCorp LLC, College 

Station, TX). An arbitrary p-value of 0.05 (two tails) was chosen.   

Continuously distributed data (e.g., age, bone age, and BMI) were summarised by median 

25th and 75th percentiles, mean, quartiles, and standard deviation (SD). Categorical data 

(e.g., sex and diagnosis) were summarised by percentage (%). In addition, BHI values and 

HR-pQCT parameters were summarised by median, mean, and SD.  

BHI values and HR-pQCT parameters such as total bone density, trabecular density, and 

cortical density for the two groups (healthy and bisphosphonate-naµve participants) for 

both sexes were compared by an independent t test (this is assumed to approximate the 
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normal distribution); a 95% CI was calculated. Graphical presentations by box and 

whisker plots were performed as visual representations. 

The degree of correlation between BHI values and HR-pQCT parameters (including FEA) 

for each group was assessed. Scatter plots and Pearsonôs correlation coefficient were used 

as necessary. Scatter plots draw X-Y (pairwise) coordinates. Pearsonôs correlation 

coefficient measures the degree of linear association between BHI values and HR-pQCT 

parameters. 

Bland Altman (BA) plots were used to measure the degree of agreement between the BHI 

SDS and HR-pQCT parametersô SDs [378]. BA plots also go by the name of 

ómean/differenceô plots. This graph allows us to determine how closely the measurements 

agree with each other. BA plots the difference between the two measurement methods. On 

the X-axis, the average BHI and HR-pQCT parameters were plotted. If the agreement 

between the two methods is perfect, the BA plot will be a straight-line draw at zero. In 

practice, the two methods were variable. The average width of this variability represents 

the bias between the two methods. Sometimes the bias is positive, and at other times it is 

negative. The 95% limits of agreement (also known as the normal range) indicate the 

majority of the value lines. Values that lie outside these lines are called outliers.  

Linear regression was used to seek further relationships between the BHI values, HR-

pQCT parameters, and sex. The possible effect of chronological age and bone age as  

confounding variables was adjusted for using multiple regression. Linear regression 

assumes the normality of the residuals, which was checked using the graphical method. A 

residual is an unexplained variation in the data. The Goodness-of-fit was measured by 
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applying the r-squared (explained variation) of the independent variable to the outcome 

variable. The sample size is too small to allow for other possible confounders. 

5.5.     Sample size 
 

The sample size calculation was based on our previously published study that involved 

comparing BHI with DXA in children and adults [9]. We found a correlation coefficient 

between BHI and total BMD in bisphosphonate-naµve children of 0.524. If the correlation 

of BHI and HR-pQCT is non-inferior to its correlation with DXA, then assuming a power 

of 0.90 (so the probability of failing to reject the null hypothesis under the alternative 

hypothesis ɓ = 0.10) and an alpha confidence level of p = 0.05 (two tails), a total sample 

size of 34 children is required. We chose 40 participants for this study because it was easy 

to divide them into 20 healthy and 20 patient participants to guarantee a spread of BMD 

in the cohort. Also, the equal distribution of males and females made the statistical analysis 

more straightforward (10 males / females). We applied this to the healthy participants (10 

males and 10 females), but for the patient participants, we scanned only six males and 10 

females. 

5.6.     Data handling and record keeping  
 

After acquiring the anonymised radiological images for all participants from the two 

hospitals (SCH and NGH), the scans were transmitted to the SCH PACS via the NHS 

Image Export Portal (IEP). The anonymised electronic data was stored on an Excel 

spreadsheet on the shared and secure UoS cloud based UniDrive. Hard copies of consent 

forms and questionnaires (paper documents) were stored in a locked cupboard within the 

PhD studentôs office. Data was collected and stored in accordance with Data Protection 
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Act 2018 and was reviewed and monitored in line with SCH local procedures. All source 

documents will be retained for a period of 5 years following the end of the study. 

5.7.     Ethical considerations and safety evaluations 
 

This project was ethically approved by the East of England - Cambridge Central Research 

Ethics Committee (REC reference: 21/EE/0056). Health Research Authority (HRA) and 

Health and Care Research Wales (HCRW) approval was also obtained prior to 

commencing the study (IRAS project ID: 282708). In addition, local ethical approval was 

obtained from the SCH NHS Foundation Trust (local project reference: SCH-2524) and 

the UoS. All approval documents are attached in the appendices (Appendix 1). HS (the 

Good Clinical Practice-certified PhD student) performed all ethics work for this project 

and submitted all approvals with the guidance of the supervisors. This study is a registered 

clinical project on EDGE NHS (EDGE ID 134564). 

The current study's participants' safety was of the utmost priority. Throughout the study, 

HS kept track of participants and reported any adverse occurrences that may be linked to 

the study. 

Radiation exposure is the major ethical consideration, although the radiation doses from 

DXR and HR-pQCT are negligible [about <1 ɛSv (three hours of exposure to naturally 

occurring background radiation) and 3 ɛSv (half-day exposure to naturally occurring 

background radiation), respectively]. We consulted a radiation protection advisor as part 

of our application for research ethics approval, and we were granted approval on it.  
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All radiographs and scans were performed by trained operators. No hand radiographs were 

repeated in this study. Regarding HR-pQCT scans, a maximum of two scans were 

performed for seven participants due to artificial movements.  

All patient details, data, and scans were anonymised. Researchers will have access to 

patient identifiable details but will not publish this important information. They will 

conduct the study in accordance with the Data Protection Act 2018.  
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Chapter 6 

Results 
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6.1.     Descriptive statistics  
 

A summary of all participants' data and scan parameters is presented in Table 6.1, and the 

corresponding results are graphically represented using box and whisker plots (Figures 

6.1ï6.5). The mean chronological age of all participants enrolled in this study was 11.3 

years, with the control participants having a mean age of 11 years and the bisphosphonate-

naµve group having a mean age of 11.5 years, while the mean bone age of all participants, 

as determined by the Greulich & Pyle (GP) method, was 10.8 years (the means bone age 

for the control group and the bisphosphonate-naµve group were 11 years and 10.7 years, 

respectively). The age and bone age did not show any significant difference between the 

groups (p = 0.522 and p = 0.714, respectively). 

In the control group, bone age and chronological age were at 11 years (p = 0.553), while 

in the bisphosphonate-naµve group, there was a significant difference between 

chronological age and bone age (10.7 years and 11.5 years, respectively) (p = 0.007). 

Regarding the weight and height measurements, in spite of no significant differences 

between the control and bisphosphonate-naµve groups [(p = 0.543) and (p = 0.541), 

respectively], the control children were both heavier and taller than the bisphosphonate-

naµve children in terms of mean and median (Figure 6.1). 
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Table 6.1. Descriptive statistics for the entire cohort and for the healthy control and 

bisphosphonate-naµve groups separately 

Variables  Units  Whole cohort 

(n=36) 

According to group 

 Control group (n=20) Bisphosphonate-naïve group (n=16) 

Anthropometry 

 Mean 50th 

 

25th/

75th  

Std.  

dev 

Min  Max Mean 50th  

 

25th/

75th  

Std. 

dev 

Min  Max  Mean  50th 

 

25th/

75th 

Std. 

dev 

Min 

 

Max 

Age  Years 11.3 11.5 9.6/ 
13.6 

2.17 8 14.4 11 11.5 8.9/ 

13.3 

2.21 8 14 11.5 11.5 9.5/ 

13.7 

2.17 8 14.4 

Bone age  

(Based on GP 

method) 

Years 10.8 10.5 8.4/ 

13.2 

2.62 6.8 15.4 

 

 

 

11 

 

 

 

12 8.6/ 

13 

2.51 6.8 14.5 

 

 

 

10.7 10.2 8.4/ 

13.2 

2.76 6.8 15.4 

Weight  Kg 
38.6 35.6 27.2/

49.9 

11.50 22 59.8 39.6 38.6 30.4/

50.3 

11.3 22 59.7 37.3 35.1 26.8/

48.3 

11.95 25 60 

Height M 1.45 1.47 1.30/

1.60 

16.58 1.20 1.74 1.47 1.54 1.33/

1.61 

17.14 1.20 1.74 1.44 1.40 1.30/

1.58 

16.19 1.22 1.71 

BMI Kg/M2 17.66 17.10 16.46

/18.4 

2.42 13 23.4 17.80 17.24 16.65

/18.3 

2.09 14.75 22.86 17.48 16.75 15.45

/19 

2.83 

 

13 23.4 

BHI and BHI SDS of BoneXpert 

BHI  4.322 4.372 4.00/ 

4.621 

0.485 3.230       5.392 4.577 4.510 4.32/

4.815 

0.344    4.100       5.392 4.003    3.936 3.71/

4.42 

0.449        3.230     4.620 

BHI SDS  -1.124    -1.120 -2.16/ 

-0.27 

1.210      -3.821        0.931 -0.387 -0.471 -0.93 

/0.26 

0.758      -1.761       0.931 - 2.046    -2.202 -2.49 

/ -1.58 

1.060   -3.821       0.222 

 

HR-pQCT parameters of distal radius 

Areas  

Total Area cm2 199.4 189.3 140.5

/270 

67.7 97    329.4 207.8    211.8 144.4

/268 

46.45  101.2       308.4 188.8 168.2 130.8

/270 

72.24   97 329.4 

Cortical area cm2 15.4    14.5 10/ 

20.75 

7.54   5       37.8 19.2 18.2 13.45

/21.9 

7.06     10.4        37.8 10.7  8.95 7/14.

5 

5.18   5      21.7 

Trabecular 

area 

cm2 170.7     159.3 116.3

/237 

63.79 74 295.2 176.3 176.6 117.2

/229 

62.04        74 275.8 163.7  143.5 111.8

/239 

67.26 79.6      295.2 

Bone density 

Total density mg/ 

cm3 

221.2 210.7 184.3

/248.

1 

55.12 120.1 370.2 250.4

65   

246.6 220.5

/275.

8 

52.64 173.4      370.2 184.6   188.9 164.7

/201.

9 

31.81

9 

120.1 245.3 
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Cortical 

density 

mg/ 

cm3 

614.7 615.9 563.1

/  

670.3 

65.48

1   

495.1     740.3 642.7

75     

650.5 600.9

/681.

85 

61.50

5       

543.9     740.3 579.7    594.4 535.7

/610.

4 

53.48

9 

495.1 673.6 

Trabecular 

density 

mg/ 

cm3 

147.9   148.2 121.8

/168.

1 

31.79  90     222 166.2

3     

164.2 151.3

/185.

8 

26.90

5      

121.3         222 125.0 121.2 113.3

/137.

8 

20.88 90 164.8 

Trabecular bone parameters 

Trabecular 

number  

1/ 

mm 

2.055  2.135 1.86/

2.33 

0.342 1.3    2.51 2.215  2.24 2.045

/2.40 

0.204   1.8   2.51 1.855    1.86 1.525

/2.20

5 

0.370 1.3    2.46 

Trabecular 

thickness 

mm 0.059  0.058 0.053

/0.06

3 

0.007 0.048    0.077 0.062

9     

0.062 0.058

/0.06

7 

0.006 0.051        0.077 0.054    0.053 0.051

/0.05

8 

0.005 0.048       0.065 

Trabecular 

separation 

mm 0.424  0.402 0.365

/0.47

3 

0.077 0.31          0.611 0.387 0.379 0.342

/0.42

4 

0.049 0.31        0.5 0.469     0.473 0.409

/0.52

5 

0.081 0.321         0.611 

Trabecular 

BV/TV 

 0.126 0.128 0.102

/0.15

2 

0.029 0.077 0.185 0.142 0.147 0.125

/0.15

5 

0.025 0.101 0.185 0.107 0.101 0.094

/0.12

5 

0.021 0.077 0.143 

Trabecular 

inhomogen-

eity 

Tb.1/

N.SD1 

0.175    0.161 0.136

/0.19

5 

0.056    0.11        0.349 0.158  0.143 0.133

/0.18

6 

0.039        0.11        0.247 0.197      0.174 0.152

/0.23

7 

0.067   0.115       0.349 

Cortical bone parameters 

Cortical 

thickness 

mm 0.285   0.26 0.175

/0.39 

0.147 0.07      0.72 0.355   0.36 0.23/

0.43 

0.149  0.15         0.72 0.198   0.2 0.135

/0.24

5 

 

0.089       0.07       0.41 

Cortical 

porosity 

 0.055 0.038 0.032

/0.04

8 

0.080      0.021     0.516 0.043   0.040 0.033

/0.04

8 

0.014   0.023     0.084 0.072 0.035 0.026

/0.05 

0.120 0.021      0.516 

Cortical tissue 

mineral 

density 

mg/ 

cm 

758.7

90   

765.1 731.2

/788.

66 

40.01    658.7 812.7 766.3

27     

768.2

13 

740.0

96/79

7.02 

35.99

6 

700.8

4 

812.6

9 

749.3

7   

764.0

18 

719.8

9/780

.19 

43.85

4 

658.6

83  

808.8

46 

Finite element analysis  

Stiffness kN/m

m 

35.14 36.44 27.58/

40.32 
10.24 15.14 63.34 41.61 40.24 37.44/

46.40 
7.54 29.47 63.34 27.05  26.79 21.86

/32.7

7 

6.84 15.14      37.03 

Estimated 

failure load 

KN 1.888 2.016 1.36/

2.17 

0.576 0.823 3.088 2.25    2.11 2.04/

2.44 

0.35  1.77    3.088 1.44 1.31 1.10/

1.90 

0.48  0.82 2.54 

% trabecular 

distal load 

% 0.519 0.515 0.481

/0.55

7 

0.080 0.388      0.712 0.521 0.534 0.496

/0.55

4 

0.073      0.394     0.662 0.517  0.489 0.472

/0.56

7 

0.090       0.388       0.712 

% trabecular 

proximal load 

% 0.235 0.221 0.168

/0.27

5 

0.084     0.121      0.446 0.236 0.221 0.174

/0.29

2 

0.077      0.130       0.386 0.234 0.215 0.159

/0.27

0 

0.096     0.122   0.446 
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Trabecular 

average von 

Mises stress 

MPa 4.49     4.43 4.08/

4.84 

0.57 3.24 5.71 4.77   4.75 4.29/

5.10 

0.53 4.045 5.71 4.148     4.172 3.895

/4.43

1 

0.409 3.244    4.899 

Cortical 

average von 

Mises stress   

MPa 8.133    8.163 7.988

/8.42

1 

0.286   7.426    8.512 8.242     8.291 8.056

/8.46

0 

0.255 7.734   8.512 7.996    8.044 7.810

/8.17

3 

0.270 7.426   8.419 
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6.2.     The cohortsô clinical characteristics 
 

By the end of the recruitment stage in May 2023, a total of 36 participants had been 

successfully scanned, out of which 20 were controls (including 10 boys) and 16 were 

bisphosphonate-naµve children (including 6 boys). In the control group, 15 participants (6 

boys) had no medical issues. However, two boys had a history of lower limb fractures 

(one of them had a fracture after a car accident, and the other had a fracture after vigorous 

trauma while playing football). Another two participants (a boys and a girl) presented with 

different medical issues, including constipation, and eczema. Furthermore, there was one 

boy who had previously undergone surgery (adenotonsillectomy). In terms of the 

bisphosphonate-naµve group, more patients had a diagnosis of osteogenesis imperfecta 

than other conditions. The medical issues for all participants in this study are provided in 

Table 6.2.  
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Table 6.2. Shows the medical history of the participants in this study 

Group  Number of 
participants  

Sex Medical history 

Healthy 15 (9 girls/6 boys) No medical issues 

1 Boy Right tibia fracture 

1 boy Right fifth metatarsal bone fracture 

1 Boy Constipation 

1 Girl Eczema  

1 Boy Adenotonsillectomy  

Patients  5  Girls OI 

3 Boys OI 

1 Girl Ehlers Danlos syndrome  

1 Girl Glioma under chemotherapy and 

radiotherapy  

1  Girl Celiac disease 

2 Boys  Celiac disease  

1 Boy Sickle cell disease  

1 Girl  Systemic lupus erythematosus under 

systemic steroid therapy 

1 Girl Low-density lipoprotein receptor-related 

protein 5 gene (LRP5) variant  

 

A comparison of the groups (healthy control and bisphosphonate-naµve children) was 

conducted. The figures below show the empirical data with a theoretical normal 

distribution superimposed on them. Because most of the data appear to be normally 

distributed, an independent t-test was used to compare the groupsô different parameters 

(Figure 6.7).  
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CƛƎǳǊŜ сΦтΦ bƻǊƳŀƭ ŘƛǎǘǊƛōǳǝƻƴ ƻŦ ǘƘŜ ǎǘǳŘȅΩǎ ǇŀǊŀƳŜǘŜǊǎ ώ.IL όƭŜƊύ ŀƴŘ ǘǊŀōŜŎǳƭŀǊ Řƛǎǘŀƭ ƭƻŀŘ όǊƛƎƘǘύϐ  

 

6.3.     Measurements 
 

6.3.1.      Comparative analysis of DXR/BHI and HR-pQCT 

parameters: independent t-test between control and 

bisphosphonate-naµve  
 

6.3.1.1.      BHI and BHI SDS of BoneXpert 
 

The cohortôs mean BHI was 4.322 and the median was 4.37, whereas the mean BHI SDS 

was -1.124 and the median was -1.12. For healthy controls, the mean BHI and BHI SDS 

values were 4.577 and -0.387, respectively (the median BHI and BHI SDS were 4.51 and 

-0.47, respectively), while bisphosphonate-naµve patients had BHI and BHI SDS values 

of 4.00 and -2.046, respectively (the median BHI and BHI SDS values were 3.936 and -

2.2, respectively). 
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To compare the BHI and BHI SDS values of the healthy controls with those of the 

bisphosphonate-naµve patients, use an independent t-test. The BHI and BHI SDS values 

were found to be significantly higher in the control group than in the bisphosphonate-

naµve group (p = 0.0001 and p = 0.0001, respectively).  

6.3.1.2.      HR-pQCT parameters of the distal radius  
 

The two groups differed significantly regarding their total, cortical, and trabecular density 

(p = 0,0001, p = 0.0027, and p = 0.0001, respectively). The control group had significantly 

higher densities (total, cortical, and trabecular) than the bisphosphonate-naµve group.  

Trabecular bone microarchitecture: 

The control group also had significantly higher trabecular number and thickness than the 

bisphosphonate-naµve group (p values were 0.0009 and 0.0003, respectively). In contrast, 

the bisphosphonate-naµve group had significantly higher trabecular separation and 

inhomogeneity than the control group (p values were 0.0007 and 0.035, respectively).  

Cortical bone microarchitecture:  

Regarding cortical parameters (cortical porosity, cortical tissue mineral density, and mean 

cortical pore diameter), there was no significant difference between the control and 

bisphosphonate-naµve groups (p = 0.2982, p = 0.2110, and p = 0.2340, respectively). 

While there was a significant difference between groups in terms of cortical thickness (p 

= 0.0007). 
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Finite element analysis parameters: 

Most of the FEA parameters (stiffness, estimated failure load, trabecular average von 

Mises stress, and cortical average von Mises stress) were significantly higher in the control 

group than the bisphosphonate-naµve group (p = 0.0001, p = 0.0001, p = 0.0006, and p = 

0.0084, respectively). In contrast, there was no significant difference between the two 

groups in trabecular distal load and trabecular proximal load parameters (p = 0.8930, 

0.9547, respectively). 

Table 6.3. Shows the results of an independent t-test comparing the different study 

parameters of control children with those of bisphosphonate-naµve patients 

tŀǊŀƳŜǘŜǊǎ aŜŀƴ ŘƛũŜǊŜƴŎŜ όфр҈ /Lύ 
ōŜǘǿŜŜƴ ŎƻƴǘǊƻƭ ŀƴŘ 
ōƛǎǇƘƻǎǇƘƻƴŀǘŜπƴŀƠǾŜ 

ƎǊƻǳǇǎϝ 

ǇπǾŀƭǳŜ ǘπǾŀƭǳŜ 

.IL лΦртп όлΦолр ς лΦупоύ Ǉ Ґ лΦлллм пΦопм 

.IL {5{ мΦсру όмΦлро ς нΦнспύ Ǉ Ґ лΦлллм рΦрсс 

¢ƻǘŀƭ ŘŜƴǎƛǘȅ срΦунт όорΦотф ς фсΦнтрύ Ǉ Ґ лΦлллм пΦофо 

/ƻǊǝŎŀƭ ŘŜƴǎƛǘȅ  со όноΦофо ς млнΦслсύ Ǉ Ґ лΦллнт оΦнон 

¢ǊŀōŜŎǳƭŀǊ ŘŜƴǎƛǘȅ пмΦнл όнпΦрпр ςртΦурмύ Ǉ Ґ лΦлллм рΦлнт 

¢ǊŀōŜŎǳƭŀǊ ǘƘƛŎƪƴŜǎǎ лΦллу όлΦлло ς лΦлммфύ Ǉ Ґ лΦллло пΦллс 

¢ǊŀōŜŎǳƭŀǊ ƴǳƳōŜǊ лΦосл όлΦмрф ς лΦрсмύ Ǉ Ґ лΦлллф оΦспп 

¢ǊŀōŜŎǳƭŀǊ .±κ¢± лΦлопп όлΦлму ς лΦлрлύ t Ґ лΦлллм пΦпон 

¢ǊŀōŜŎǳƭŀǊ ǎŜǇŀǊŀǝƻƴ πлΦлун όπлΦмнс ς πлΦлотύ Ǉ Ґ лΦлллт πоΦтну 

¢ǊŀōŜŎǳƭŀǊ ƛƴƘƻƳƻƎŜƴŜƛǘȅ  πлΦлоф όπлΦлтр ς πлΦллоύ Ǉ Ґ лΦлопф πнΦмфт 

/ƻǊǝŎŀƭ ǘƘƛŎƪƴŜǎǎ лΦмрт όлΦлтм ς лΦнпоύ Ǉ Ґ лΦлллт оΦтмн 



 
 

нлм 
 

/ƻǊǝŎŀƭ ǇƻǊƻǎƛǘȅ  πлΦлну όπлΦлуо ς лΦлнсύ Ǉ Ґ лΦнфун πмΦлрс 

/ƻǊǝŎŀƭ ǝǎǎǳŜ ƳƛƴŜǊŀƭ ŘŜƴǎƛǘȅ  мсΦфрс όπмлΦлтп ς поΦфутύ Ǉ Ґ лΦнммл мΦнтп 

{ǝũƴŜǎǎ мпΦрру όфΦсно ς мфΦпфпύ Ǉ Ґ лΦлллм рΦффр 

9ǎǝƳŀǘŜŘ ŦŀƛƭǳǊŜ ƭƻŀŘ лΦулр όлΦрнн ς мΦлууύ Ǉ Ґ лΦлллм рΦтун 

¢ǊŀōŜŎǳƭŀǊ ŀǾŜǊŀƎŜ Ǿƻƴ aƛǎŜǎ 

ǎǘǊŜǎǎ 

лΦсму όлΦнуу ς лΦфпфύ Ǉ Ґ лΦлллс оΦумм 

/ƻǊǝŎŀƭ ŀǾŜǊŀƎŜ Ǿƻƴ aƛǎŜǎ 

ǎǘǊŜǎǎ 

лΦнпр όлΦлст ς лΦпнпύ Ǉ Ґ лΦллуп нΦтфт 

¢ǊŀōŜŎǳƭŀǊ Řƛǎǘŀƭ ƭƻŀŘ лΦлло όπлΦлрм ς лΦлрфύ Ǉ Ґ лΦуфол лΦмор 

¢ǊŀōŜŎǳƭŀǊ ǇǊƻȄƛƳŀƭ ƭƻŀŘ лΦллн όπлΦлрт ς лΦлслύ Ǉ Ґ лΦфрпт лΦлрт 

*Positive values mean higher in the control group, and negative values mean lower in the control group. 

 

 

6.3.2.      Correlation coefficients between the bone health index 

SDS and HR-pQCT parameters, including FEA 
 

6.3.2.1.      Correlation between BHI values and HR-pQCT parameters in 

the entire cohort 
 

The correlation was assessed using the Pearson correlation coefficient, and the statistical 

significance of the correlation (p < 0.05) was determined through a two-tailed t-test. The 

strength of the correlations was interpreted using Evansôs classification, where r < 0.19 is 

very weak, 0.20 Ò r Ò 0.39 is weak, 0.40 Ò r Ò 0.59 is moderate, 0.60 Ò r Ò 0.79 is strong, 

and 0.80 Ò r Ò 1.00 is very strong [355]. 
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Table 6.4. Correlation coefficients between the BHI and HR-pQCT parameters, including 

FEA, across the entire cohort and for each group (control and bisphosphonate-naµve 

children) 

 Whole cohort 

(n=36) 

Bisphosphonate-

naïve group 

(n=16) 

Control group 

(n=20) 

Bone health index 

standard 

deviation scores  

(BHI SDS) 

Total density  0.75 0.64 0.61 

Trabecular density 0.75 0.60 0.55 

Cortical density  0.50 0.23 0.29 

Trabecular number  0.73 0.58 0.63 

Trabecular thickness 0.63 0.50 0.34 

Trabecular BV/TV 0.61 0.32 0.38 

Trabecular separation  -0.64 -0.34 -0.61 

Trabecular inhomogeneity  -0.48 -0.23 -0.56 

Cortical thickness 0.54 0.43 0.21 

Cortical porosity  0.13 0.45 0.13 

Cortical tissue mineral density  0.29 0.13 0.31 

Stiffness  0.76 0.60 0.55 

Estimated failure load  0.77 0.60 0.66 

Trabecular distal load  0.27 0.30 0.43 

Trabecular average von Mises 

stress  

0.60 0.44 0.33 

Cortical average von Mises 

stress 

0.42 0.30 0.41 

Bone health index 

(BHI) 

Total density  0.60 0.46 0.43 

Trabecular density 0.65 0.57 0.33 

Cortical density  0.31 0.20 0.11 

Trabecular number  0.71 0.64 0.50 

Trabecular thickness 0.46 0.36 0.37 

Trabecular BV/TV 0.56 0.36 0.27 
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Trabecular separation  -0.56 -0.34 -0.37 

Trabecular inhomogeneity  -0.38 -0.16 -0.34 

Cortical thickness 0.54 0.36 0.21 

Cortical porosity  0.12 0.35 0.33 

Cortical tissue mineral density  0.17 0.11 -0.01 

Stiffness  0.76 0.67 0.60 

Estimated failure load  0.76 0.69 0.48 

Trabecular distal load  0.43 0.54 0.49 

Trabecular proximal load 0.24 0.38 0.17 

Trabecular average von Mises 

stress  

0.48 0.43 0.11 

Cortical average von Mises 

stress 

0.15 -0.17 -0.13 

In the overall analysis of the entire cohort, the BHI SDS demonstrated a robust correlation 

with the majority of HR-pQCT parameters, including FEA. BHI SDS correlated strongly 

with total density and trabecular density (r = 0.75) and moderately with cortical density (r 

= 0.50) (Figure 6.8-6.9). 

 
CƛƎǳǊŜ сΦуΦ {Ƙƻǿǎ ŀ ǎǘǊƻƴƎ ŎƻǊǊŜƭŀǝƻƴ ōŜǘǿŜŜƴ .IL {5{ ŀƴŘ ǘƻǘŀƭ ŘŜƴǎƛǘȅ ƛƴ ǘƘŜ ŜƴǝǊŜ ŎƻƘƻǊǘ 
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CƛƎǳǊŜ сΦфΦ {Ƙƻǿǎ ŀ ǎǘǊƻƴƎ ŎƻǊǊŜƭŀǝƻƴ ōŜǘǿŜŜƴ .IL {5{ ŀƴŘ ǘǊŀōŜŎǳƭŀǊ ŘŜƴǎƛǘȅ όǳǇǇŜǊύ ŀƴŘ ŀ ƳƻŘŜǊŀǘŜ 
ŎƻǊǊŜƭŀǝƻƴ ǿƛǘƘ ŎƻǊǝŎŀƭ ŘŜƴǎƛǘȅ όƭƻǿŜǊύ ƛƴ ǘƘŜ ŜƴǝǊŜ ŎƻƘƻǊǘ 

 

There was a strong positive correlation between BHI SDS and trabecular thickness, 

trabecular number, and trabecular BV/TV (r = 0.63, 0.73, and 0.61, respectively) (Figure 

6.10), and a strong to moderate negative correlation with trabecular separation and 

inhomogeneity (r =-0.64 and r = - 0.48, respectively) (Figure 6.11).  
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CƛƎǳǊŜ сΦмлΦ {Ƙƻǿǎ ŀ ǎǘǊƻƴƎ ǇƻǎƛǝǾŜ ŎƻǊǊŜƭŀǝƻƴ ōŜǘǿŜŜƴ .IL {5{ ŀƴŘ ǘǊŀōŜŎǳƭŀǊ ƴǳƳōŜǊ 
όǳǇǇŜǊύ ŀƴŘ ǘǊŀōŜŎǳƭŀǊ ǘƘƛŎƪƴŜǎǎ όƭƻǿŜǊύ ƛƴ ǘƘŜ ŜƴǝǊŜ ŎƻƘƻǊǘ 
































































































































