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Abstract 

A DXA (Dual Energy X-ray Absorptiometry) based finite element model was previously 

developed and automated for clinical assessment of hip fracture risk caused by sideways 

fall. However, one remaining issue for the finite element model was that the accuracy of 

assessment is dependent on the quality of DXA images.  

Requirements on DXA images for finite element analysis are much more stringent than 

those for clinical densitometry examination. Therefore, the objective of this study was to 

apply and implement algorithms to automatically examine clinical DXA images before 

finite element analysis. In this study, two algorithms were implemented to work in series 

for DXA quality examination, they are the k-NN algorithm and average distance between 

neighboring points on femur contour. Geometric features of common defects in clinical 

images were identified and quantified. After that, these features were used for training the 

algorithms. Clinical DXA images were acquired from St. Boniface General Hospital 

(SBGH) to validate the algorithms. A standalone computer program was wrapped using 

MATLAB packages.  

The computer program was tested by SBGH and the assessment accuracy of hip fracture 

risk was substantially improved. However, a number of minor defects have been identified 

in the clinical testing, which will be implemented in a new version of the computer pro-

gram. 
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Chapter 1 

Introduction 

1.1 Motivation and background 

Osteoporosis is the most common bone disease and a significant concern for elderly people. 

It is a disease characterized by a reduced bone mineral density (BMD) and deterioration of 

bone tissue, which commonly occurs in people of 50 and older. Nowadays, the increase in 

the proportion of the aging population gives rise to an enormous increase in the number of 

osteoporosis patients [1]. If osteoporosis cannot be accurately diagnosed and effectively 

treated in time, the damage in bone structure can lead to fracture under some circumstances. 

In fact, statistical studies have shown that fractures caused by osteoporosis are more com-

mon than heart attack, breast cancer, and stroke combined, and over 80% of fractures in 

seniors (50+) are induced by osteoporosis [2]. Studies have indicated that healthcare costs 

of osteoporosis and fracture have been increasing rapidly mainly due to inadequate diag-

nosis technology [1]. According to the information from Osteoporosis Canada, the total 

yearly cost of treating osteoporosis and related fractures for Canadian healthcare system 

was over $2.3 billion in 2010 [2]. 
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One of the most typical sites for fractures induced by osteoporosis is the hip [3]. Annually, 

70-90% of 30,000 hip fractures in Canada are caused by osteoporosis, which uses more 

healthcare resources and results in higher mortality rate than stroke, diabetes or heart attack 

[2]. Based on age- and sex-specific incidence of osteoporosis since 1990, the number of 

hip fractures is expected to reach 2.6 million by the year 2025, and 4.5 million by 2050 [4]. 

Therefore, effective diagnosis and treatment of osteoporosis is essential to reduce 

healthcare costs and to maintain life quality of osteoporosis patients. To meet the challenge, 

many researchers have devoted their effort to develop techniques that can help reduce os-

teoporotic hip fractures. 

To decrease the number of osteoporotic hip fractures, accurate, safe and cost-effective as-

sessment of fracture risk is necessary. Strategically, it is always cost effective to identify 

high risk patients and to provide them effective treatment before fracture happens. 

Currently, the most commonly used method for diagnosing osteoporosis and fracture risk 

is the areal bone mineral density (aBMD) measured by dual energy X-ray absorptiometry 

(DXA) [5]. However, its ability of aBMD in assessment of bone strength is limited due to 

the involvement of other risk factors such as bone geometry and impact force induced in 

fall [6, 7]. Various studies have suggested that aBMD alone cannot determine bone strength 

and patient-specific fracture risk [8, 9]. To resolve this problem, researchers have proposed 

alternative methods to consider more risk factors affecting fracture risk, for example Frac-

ture Risk Assessment Tool (FRAX) [10] and hip structural analysis (HSA) [11]. However, 

FRAX does not consider patient-specific impact force, which makes it only useful for sta-

tistical analysis instead of patient-specific fracture risk assessment [12]. Additionally, the 

results using HSA were not more accurate compared with aBMD only [11, 12]. Although 
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researchers have considered combining aBMD with clinical risk factors and bone geometry 

information, the results from those studies do not show any considerable improvement 

compared with aBMD alone [12, 10, 13].  

For the above reasons, finite element modeling based on medical images has come to the 

attention of biomedical researchers. The developed finite element models can be divided 

into three-dimensional (3D) and two-dimensional (2D) ones. It has been shown from a 

number of studies that finite element modeling is a promising method for the assessment 

of patient-specific fracture risk [6]. 

3D or 2D medical imaging-based finite element models can be constructed from quantita-

tive computed tomography (QCT) or DXA images. QCT-based 3D finite element modeling 

has a higher accuracy in the prediction of fracture, but it also requires higher cost and high 

exposure to radiation [16]. Compared with 3D finite element modeling, 2D finite element 

modeling based on DXA images has a relatively lower accuracy with much lower cost and 

radiation level [15, 16]. Researchers have made significant progress using DXA-based fi-

nite element models to predict femoral strength [16]. It has also been reported that using 

parameters derived from DXA images can have better performance than using BMD alone 

[19]. Therefore, DXA-based finite element modeling has become the most promising as-

sessment method for hip fracture risk [20]. 

In a previous study conducted by our research group, a subject-specific DXA-based finite 

element tool for the assessment of hip fracture risk was developed with Matrix Laboratory 

(MATLAB) [20]. Different from other DXA-based finite element tools, the segmentation 

of the femur outline and the detection of critical femur cross-sections are fully automated 

in this model. A finite element mesh is generated from the contour coordinates. Therefore, 
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the segmentation quality of proximal femur contour has an important impact on the analy-

sis accuracy. The DXA-based finite element model has improved prediction of osteopo-

rotic hip fracture and monitoring of treatment effectiveness. If qualified DXA images are 

provided, it can be considered as an automatic assessment of hip fracture risks using DXA 

images. 

However, the computer program based on the model can be interrupted by DXA images 

with defects, which typically have poor quality of the segmented contour. In other words, 

this model cannot check and exclude DXA images of poor quality, and therefore cannot be 

applied to large-scale clinical assessment. The precision of hip fracture risk analysis in this 

model is also largely affected by DXA quality [21] that is dependent on the quality of 

segmented contour and consistence of patient positioning [20]. Particularly, the quality of 

segmented contour is critical, since it determines the quality of finite element mesh. Thus, 

clinical DXA images must be inspected prior to finite element modeling to achieve a fully 

automated operation and a high precision. Previously, the inspection of DXA images has 

been completed manually, which requires much time and effort. In order to reduce the 

related economic and human costs, an automatic algorithm is necessary for detecting the 

DXA images with poor contour quality and removing them before FEA. 

Another problem of this DXA-based finite element model is the deficiency in the redistri-

bution. Since it was fully developed with in-house MATLAB code, this model requires the 

installation of MATLAB and sufficient knowledge in MATLAB programming, hence, un-

suitable for clinical application. As a result, an automatic and standalone tool needs to be 

developed based on this model to better fulfill the requirements of clinical hip fracture risk 

assessment. 
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In conclusion, developing an automatic algorithm for the quality examination of clinical 

DXA images will be the main goal of this study. The improved model, including the quality 

examination of DXA images and the finite element modeling, will be then redistributed for 

a more general clinical application. 

1.2 Research objectives 

With the DXA-based finite element model developed by our research group, the primary 

goal of this thesis is to provide an automatic algorithm for the quality examination of DXA 

images. This thesis will present two algorithms for identifying major defects in DXA im-

ages and excluding unqualified ones from the following FEA procedure, in order to achieve 

a fully automated operation. Then, a standalone computer program for the routine clinical 

assessment will be developed based on the quality examination algorithms of DXA images 

and finite element modeling. It will enable clinicians or physicians to conduct the assess-

ment without MATLAB software or any programming knowledge. Manual manipulation 

in the assessment will be reduced to a minimal amount. 

As a supplementary work in this thesis and a direction of future studies, the framework of 

a web-based biomechanical tool for hip fracture risk assessment will also be proposed.  

With the work completed in this thesis, a large-scale clinical assessment of osteoporotic 

hip fracture risks will be much more convenient and efficient. Patients with high hip frac-

ture risk can be easily identified and selected for treatment. 
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1.3 Proposed approach 

For quality examination of DXA images, two algorithms will be implemented in MATLAB 

based on neighboring pixels or points on femur contours. The maximum area of pixel 

patches and the distance between neighboring points will be the features, respectively. In 

addition, k-NN algorithm will be used to identify the feature in the first algorithm. After 

that, these quality examination algorithms and the existing DXA-based finite element 

model will be packaged into a standalone program using MATLAB Compiler. A user-

friendly interface will be designed for this program. 

The framework of a web-based biomechanical tool will be developed in the Linux system 

based on Hypertext Markup Language (HTML) and PHP. A Linux Shell script will be used 

for setting up the environmental variables and the transmission of parameters. The in-house 

MATLAB codes will be packaged into an executable file that can be invoked by other 

programming languages. When the operation of the Linux Shell script is completed, users 

can have access to the assessment results through the Samba client. 

1.4 Thesis organization 

This thesis is arranged as follows: 

Chapter 2 - In this chapter, literature related to the research topics covered in this study 

will be reviewed. The DXA-based finite element modeling for hip fracture risk assessment 

will be introduced, with detailed information of the finite element model used in this study. 

After that, there will be some discussion on the quality examination algorithms of DXA 



1.4 Thesis organization 7 

  

images. Moreover, the necessity of developing a standalone and automatic computer pro-

gram for clinical assessment of hip fracture risks will be justified. 

Chapter 3 - In this chapter, quality criteria of DXA images will be first introduced. Two 

algorithms for quality examination of DXA images will be then presented. The algorithms, 

their pros and cons will be explained in detail. 

Chapter 4 - In this chapter, a standalone computer program will be developed using 

MATLAB GUIDE and MATLAB Compiler for clinical assessment of hip fracture risk. 

The DXA-based finite element model and the quality examination algorithms of DXA im-

ages proposed in this study will be implemented in this program. 

Chapter 5 - In this chapter, the framework of a web-based biomechanical tool will be 

designed, which can be used by clinicians via internet for hip fracture risk assessment. It 

should be noted that the framework developed in this study is only a preliminary one and 

cannot be applied to any clinical uses. 

Chapter 6 - In this chapter, the quality examination algorithms of DXA images developed 

in Chapter 3 and the standalone program constructed in Chapter 4 will be validated. The 

performance of the proposed quality examination algorithms will be discussed and com-

pared. Furthermore, the advantages and disadvantages of using the standalone program and 

the web-based biomechanical tool will be illustrated. 

Chapter 7 - In this chapter, conclusions, contributions, and limitations of this study will 

be presented. Directions of future research are proposed to resolve these limitations. 
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Chapter 2 

Literature reviewing of biomechanical 

tools for hip fracture risk assessment 

Based on a previous study of our reaserch group [20], I will improve the DXA-based finite 

element modeling procedure as shown in Figure 2-1, where the improvements in this study 

are marked in red. This literature review will include four relevant aspects. 

 

Figure 2-1: The procedure of the improved DXA-based finite element model �
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2.1 DXA-based finite element models for hip frac-

ture risk assessment 

For the accurate assessment of osteoporotic hip fracture risk, a number of studies have been 

conducted to develop clinically-applicable finite element models. This section of the liter-

ature review will focus on QCT and DXA based finite element models. 

To assess hip fracture risks by FEA, 3D and 2D finite element models can be developed 

from QCT and DXA images respectively. In fact, compared with 2D FEA, 3D FEA did 

not show any evident increase in the sensitivity to changes in femoral density or geometry 

[22]. The study of J. Thevenot et al. [23] demonstrated that the 2D finite element model 

was able to discriminate hip fractures similar to complex 3D models. In addition, the cost 

and radiation level of DXA are much lower than those of QCT. For the above reasons, 2D 

finite element modeling based on DXA images is regarded as a practical approach for clin-

ical assessment of hip fracture risk. 

The first 2D finite element model was developed by Testi et al. for the estimation and 

validation of proximal femur strength using a synthetic fiber-glass femur [6]. A 2D finite 

element model of the proximal femur was built based on DXA data to predict in vitro hip 

fracture risk. The model was then validated in vitro against strain-gauge measurement and 

a 3D finite element model. Good agreements were observed. However, it should be men-

tioned that the value of Young’s modulus was determined based on areal BMD, which is a 

major limitation of their model. Additionally, the magnitude and direction of the loads were 

assumed to be constant instead of patient-specific. Despite of these limitations, their study 
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proposed an effective method for clinical evaluation of femoral neck fractures in osteopo-

rotic patients with non-invasive and low-cost screening technique. Testi et al. [24] also 

found that the identification accuracy of hip fracture patients could be remarkably im-

proved by adding one biomedical index, which was defined by the maximum principal 

tensile strain obtained from FEA and increased the prediction accuracy  from 77% to 82%. 

To validate Testi et al.’s model [6] with experimental data, Buijs et al. developed a subject-

specific 2D finite element model for assessing femoral stiffness and strength [25]. The 

capability of 2D DXA-based model to predict femoral fracture loads during sideways falls 

was validated by digital image correlation analysis [25].  

In the study by Langton et al. [16], a 3D finite element model was generated from 2D 

radiographic images, which were projected images of QCT scans. It was demonstrated that 

their model could predict the failure load of the proximal femur with accuracy similar to 

that of 3D FEA. The approaches proposed in their study can be applied to regular clinical 

DXA images. However, the sample size in their research for validation of 3D FEA of X-

ray images (3D-FEXI) was quite small. 

Both studies by Buijs et al. [25] and Langton et al. [16] indicated the importance and pos-

sibility of developing finite element models from DXA images for hip fracture risk assess-

ment. However, DXA images used in their studies were generated from CT scans, which 

could lead to some inevitable problems. For instance, QCT-based FEA is hard to imple-

ment in a clinical environment since it requires expensive computational devices. The clin-

ical performance of QCT-based finite element models still needs to be further evaluated 

[17]. Additionally, CT scanning is not regularly used in the clinical assessment of osteo-

porosis owing to its high cost and high radiation dose [16]. Therefore, an optimal method 
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to solve these problems is the use of DXA images instead of CT scans to construct a 2D 

finite element model for fracture risk assessment. 

To compare the effectiveness of DXA and CT based models, M. Danielson et al. used 2D 

analysis based on DXA data and more sophisticated 3D analysis based on QCT data to 

estimate the strength of the femoral neck in post-menopausal women [26]. The femoral 

neck geometry parameters calculated with Hip Structure Analysis (HSA) from DXA data 

and those derived from QCT data were well correlated in a large Study of Women's Health 

Across the Nation (SWAN) data set. However, the estimated proximal femur strengths did 

not correlate well. After comparing different indices for DXA- and CT- based approaches, 

they observed significant correlations between the femoral neck geometries derived from 

DXA and QCT. In conclusion, DXA-based models are more applicable to clinical uses due 

to the wide availability of DXA scanners and lower radiation level of DXA scan. 

To determine the relationship between bone strength derived from a finite element model 

and hip fracture risk, K. E. Naylor et al. applied load-to-strength ratio (LSR) [19]. Firstly, 

the finite element model was directly developed from a segmented BMD map, with a con-

stant but subject-specific thickness. A sideways fall situation was then simulated to esti-

mate the impact force. Finally, LSR was determined as the attenuating impact force divided 

by the femoral strength. They found that the baseline LSR was notably higher in fracture 

cases as compared with the control group. Therefore, patients with high hip fracture risk 

can be effectively identified using a DXA-based finite element model. 

To get a more accurate patient-specific assessment of osteoporotic hip fracture risk and 

improve the treatment monitoring, Luo et al. constructed a finite element model of the 

human femur from patients’ DXA images [27]. In this model, fracture risk indices at three 
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critical locations (i.e., the femoral neck, the intertrochanteric region and the sub-trochan-

teric region) were introduced and used for fracture risk assessment. The modeling proce-

dure was then validated with six representative clinical cases. Furthermore, the three risk 

indices introduced in this study had shown potential uses in identifying the fracture loca-

tion. After that, Luo et al. improved the precision of their model to meet the clinical re-

quirement [21]. By calculating hip fracture risk indices at 10mm wide regions of interest 

(ROIs), the repeatability of the finite element model based on DXA images was signifi-

cantly improved. However, some random errors could not be removed, for example errors 

induced by inconsistent subject positioning.  

To reduce the inconsistency in previous studies and further improve the model, an auto-

mated DXA-based finite element tool was developed for the clinical assessment of hip 

fracture risk [20]. The modeling procedures of this finite element tool is introduced in the 

following section.  

2.2 Procedure of automated DXA-based finite el-

ement modeling for hip fracture risk assessment 

In this section, the procedure of automatic DXA-based finite element modeling with in-

house MATLAB code [28] for hip fracture risk assessment will be introduced based on 

several previous studies conducted by our research group [15, 25, 26]. As mentioned be-

fore, this finite element model will be further improved in this study for a more general 

clinical application. 
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Figure 2-2 describes the procedure to assess hip fracture risk and discriminate hip fractures 

from controls using the developed DXA-based finite element model, which includes three 

steps—pre-processing, FEA and post-processing. 

Before constructing a finite element model, the contour of proximal femur was automati-

cally segmented from a DXA scan of the patient, critical femur cross sections and ROIs 

are detected (Examples of segmented proximal femur contours can be found in Chapter 

3.2). After that, a finite element mesh consisting of triangular elements was generated from 

the proximal femur contour. 

With the finite element mesh, material properties determined from the ash density of bones 

were assigned to the model at element Gaussian integration points. Before that, the volu-

metric BMD was calculated by areal BMD and subject-specific specimen thickness, so that 

the ash density or apparent density could be estimated from volumetric BMD. Bone mate-

rial is inhomogeneous and anisotropic. In DXA scans, inhomogeneous material properties 

are represented by BMD. However, since DXA images are 2D, they do not contain any 

anisotropy information of bone material. Therefore, this model was assumed to be inho-

mogeneous and isotropic based on results from a previous study, where isotropic material 

properties were used to construct a DXA-based finite element model [19]. The thickness 

of the model was approximated to be a patient-specific value, which was defined by the 

width of the narrowest femoral neck [20]. The loading and boundary conditions were then 

applied to the model to simulate a sideways fall from standing height. 
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Afterwards, finite element solutions were obtained and postprocessed. Hip fracture risk 

indices (HFRIs) were calculated at the critical femur cross sections and ROIs. The defini-

tion of HFRI was initially proposed by Luo et al. [27]. It was defined as the ratio between 

the effective - or von Mises - stress induced by the external force and the yield stress at 

cross sections or ROIs. Additionally, improvement in the hip fracture discriminability was 

measured using the area under receiver-operating-characteristics curve (AUC) value. 

In this finite element model, the segmentation of proximal femur from clinical DXA scans 

was fully automated, followed by the subject-specific simulation of a sideways fall. The 

HFRIs were then calculated at two positions to discriminate hip fracture risk. The devel-

oped DXA-based finite element model has the potential to be applied in the routine clinical 

assessment of hip fracture risks. However, the main limitations are the lack of quality ex-

amination of DXA images and intellectual property restriction in redistribution of the com-

puter codes, which will be further discussed in the next two sections. 

 

Figure 2-2: Procedure to calculate HFRIs and to assess the hip fracture (adopted from 

[17]) 



2.3 Quality examination of DXA images 15 

  

2.3 Quality examination of DXA images 

Based on a survey taken in 2006 [30], poor quality of DXA images is not uncommon in 

clinical practice, which has adverse effect on BMD accuracy and thus diagnosis accuracy. 

25% of the clinicians or physicians responding to the survey claimed that they had encoun-

tered poor quality DXA images at least once a week. Almost all of the respondents believed 

that DXA images of poor quality are harmful to patients due to the unnecessary medical 

expenses and wrong treatment decisions that may lead to. 

Although the DXA-based finite element model developed in the previous study [20] has 

improved accuracy and discriminability in prediction of hip fracture, its application to large 

scale clinical cases is still prevented by the lack of an algorithm for quality examination of 

DXA images. The quality of DXA image determines the quality of the segmented proximal 

femur contour, which affects the quality of finite element mesh and the precision and re-

peatability of HFRIs. A defective contour of proximal femur can cause fault stress distri-

bution in femur and thus affect HFRI. The quality of the segmented femur also has an 

impact on ROI locations, e.g. the position of femoral neck cross-section. Therefore, using 

DXA images of high quality can further improve the discriminability and repeatability of 

HFRIs predicted by the DXA-based finite element model. Furthermore, the DXA-based 

finite element modeling process can be interrupted by defective DXA images. Therefore, 

quality examination of DXA images is an essential step before the DXA-based finite ele-

ment model can be used by clinicians. 

Possible solutions to quality control of DXA images have been studied by a number of 

researchers [24, 27, 28, 29]. Firstly, the technologists or clinicians of DXA scanning should 
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be trained in bone densitometry [30]. In addition, they should regularly maintain DXA 

devices to avoid low-quality scans [31]. At each scanning, the DXA image should be ex-

amined to make sure that the positioning and segmentation are correct. 

Apart from the measures mentioned above, the methods developed by Luo et al. [21] can 

be implemented to evaluate the quality of segmented contour for improving the repeatabil-

ity of HFRIs. Poor contour quality reduces the repeatability in both ROI average areal 

BMD and fracture risk indices (FRIs). The errors introduced in scan positioning and seg-

mentation of DXA images, also known as random errors, can reduce the precision of DXA-

based finite element procedure. Unfortunately, random errors could not be eliminated by 

any refinement or improvement in finite element modeling. To resolve this problem, Luo 

et al. developed a quality index in their study as a measure of random errors (or the quality 

of proximal femur contour) [21]. With the quality index, segmented proximal femur con-

tours can be classified into high, moderate or low quality. They also applied image pro-

cessing techniques, e.g. image translation and rotation, to partially remove random errors. 

Moreover, strict guidelines should be adopted to regulate positioning in DXA scanning. 

In this study, the quality examination of DXA images is an essential part for redistributing 

DXA-based finite element model to clinicians. A method or an algorithm is required to 

automatically identify the quality of DXA images and exclude the ones with defects prior 

to finite element analysis. However, so far there has not been a clinically applicable algo-

rithm for quality assessment of DXA images. As mentioned before, using high-quality 

DXA images can improve the precision of this model and guarantee a fully automatic hip 

fracture risk assessment. Therefore, it is necessary to develop an algorithm to automatically 

examine quality of DXA images. The quality of segmented proximal femur contours 
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should be assessed. Accordingly, DXA images can be classified into qualified and unqual-

ified ones. 

Therefore, the quality examination of DXA images in this study can be regarded as a binary 

classification problem, which can be solved by a number of algorithms, for example k-NN 

algorithm. As one of the most popular machine learning algorithms and a conventional 

non-parametric classifier, k-NN has already been used in the statistical estimation and pat-

tern recognition starting in the 1970’s [33]. The k-NN algorithm can classify a sample 

based on the cluster of its k nearest neighbors, as shown in Figure 2-3. An unclassified 

contour image can be identified based on its k nearest images. Compared with other ma-

chine learning algorithms, the principle of k-NN is simple and does not need any off-line 

training. It has been widely used in many studies and has achieved excellent performance 

[34]. Hence, k-NN algorithm will be selected for classifying the segmented femur contour 

images as well as the corresponding DXA images. 

 

Figure 2-3: K-nearest neighbor classification 
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2.4 Necessity to develop a standalone program for 

hip fracture risk assessment 

In addition to lack of quality examination of DXA images, another issue is intellectual 

property restriction to redistribute computer codes that implemented the DXA-based finite 

element model. As mentioned in Chapter 2.2, this finite element model has been developed 

using in-house MATLAB code, which makes it almost impossible for clinicians or physi-

cians who have no knowledge in MATLAB to use [20]. It also requires users to install 

MATLAB software on their computers. Moreover, it is restricted by intellectual property 

regulations to redistribute MATLAB source codes involving previous students. Therefore, 

a standalone and user-friendly computer program should be developed based on the exist-

ing model to benefit the wide clinical community. 

For redistribution purpose, in-house MATLAB codes can be packaged into a standalone 

computer program using MATLAB Compiler. A user-friendly interface can also be de-

signed for this program in MATLAB. The packaged program uses MATLAB Runtime as 

its operating environment [35] and prevents exposure of the MATLAB source codes. It 

does not require any programming knowledge or the installation of MATLAB for users to 

run the program. Hence, the packaged program can be conveniently redistributed for the 

clinical assessment of hip fracture risks. However, it still requires the installation of 

MATLAB Runtime, which can take up some storage space in the user’s computer.  

A web-based biomechanical tool implementing the DXA-based finite element model can 

become an alternative for FRAX, which is currently the most popular web-based tool for 
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fracture risk assessment and based on statistical modeling [10]. With a web-based assess-

ment tool, physicians or patients can upload DXA images and calculate the HFRIs imme-

diately, avoiding the need to install software or operating environment. Furthermore, it can 

make the assessment more convenient without taking up any space on the computer, while 

the standalone program needs to be installed on the client’s computer. For the above rea-

sons, the third topic of this thesis is to develop a framework of a web-based tool for the 

routine clinical assessment of hip fracture risks based on the existing DXA-based finite 

element model. 

Despite the recent development in scanning technologies, many patients with high risk of 

osteoporosis still cannot be diagnosed accurately [36]. For a more convenient clinical di-

agnosis of osteoporosis and related fractures, various web-based assessment tools have 

been developed. The most widely used one is the FRAX tool developed by World Health 

Organization (WHO) Collaborating Centre for Metabolic Bone Diseases at Sheffield, UK 

[37] - first launched in 2008. FRAX is a web-based tool used to estimate 10-year probabil-

ity of major osteoporosis fractures and hip fracture for both men and women [12]. It inte-

grates different clinical fracture risk factors, including age, sex, and low body mass index 

[10], with or without information on BMD [38]. So far, FRAX is available in over 60 

countries or regions and can be calibrated for different populations [39]. 

FRAX aims at identifying individuals with high risk of fracture [37]. Since 1st June of 2011, 

over 21,152,000 individuals with fracture risk have been identified using FRAX [39], and 

the website has an average of 55,000 hits daily [12]. It is undoubtedly that FRAX has been 

a significant achievement in assessment of fracture risks. As the only model based on the 
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data derived from multiple cohorts, FRAX has been widely accepted in treatment decisions, 

such as in the National Osteoporosis Foundation (NOF) guidelines [40]. 

However, FRAX has a number of limitations such as incomplete list of variables in the 

assessment and not considering dose-response relationships [40]. It is not suitable for clin-

ical application since there are still challenges in the construction of new clinical guidelines 

and consideration of drug registration [12], and it cannot be used for patients that undergo 

osteoporosis treatment [41]. Additionally, there is no FRAX algorithm for the pediatric 

population, since the relationship between BMD and the fracture risk for children has not 

been established [37]. 

Apart from FRAX, there are other web-based tools for fracture risk assessment that are 

being less widely used, examples are the Garvan tool [37], QFracture [42], and Osteopo-

rosis Self Assessment Tool (OST) [44, 45]. Since OST only considers age and body weight 

in the assessment [45], while others include more risk factors, this section does not discuss 

OST in detail or compare it with other tools. 

The Garvan calculator, or Garvan Institute Assessment Tool, was developed based on the 

data collected in the Dubbo Osteoporosis Epidemiology Study (DOES), which included 

approximately 2500 men and women 60 years or older [46]. Compared with FRAX, the 

Garvan calculator includes the history of falls over the last 12 months and fractures since 

the age of 50 in the assessment; and does not include some other factors that are considered 

in FRAX, such as smoking or alcohol consumption [47]. 

QFracture was based on a UK open cohort study using data derived from 357 clinical prac-

tices on over 2 million men and women in the age range of 30 to 85 years [48]. It is used 
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to predict the 10-year risk of hip fracture or osteoporotic fracture at multiple locations. 

QFracture can be applied to men and women between 30 and 99 years old, who have no 

history of osteoporosis fracture [42]. Unlike the other two calculators, QFracture does not 

include BMD in the assessment process at all [46]. 

The detailed comparison among these three web-based tools, including the specific differ-

ences due to the input variables, output fracture risk, data acquisition and calibration ability, 

has been reviewed by J. A. Kanis et al. [46]. The web-based assessment tools discussed in 

this section all have certain advantages and limitations; for example, the Garvan calculator 

is challenging to be calibrated for new population [49], while the modeling of QFracture is 

based on a limited data source [46]. It is therefore impractical to conclude which tool is the 

best for assessing osteoporotic fracture risk based on the aforementioned reasons. However, 

the common and major limitations of these assessment tools are not able to perform the 

subject-specific assessment and having different requirements on the subjects, for example, 

FRAX can only be applied for untreated patients [41]. Therefore, they are not suitable for 

the clinical assessment. On the contrary, not all pysicians have Internet access in their 

examination rooms [50], which prevents them from using web-based tools. In addition, it 

should be noted that the purpose of these web-based tools is not completely replacing clin-

ical diagnosis required by a recognized practitioner [37] [40]. These tools have an enor-

mous impact on identifying potential fractures and providing a more targeted prevention 

or treatment process. 

In conclusion, a standalone program should be first developed based on the DXA-based 

finite element model for the clinical assessment of hip fracture risks. Meanwhile, inspired 
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by the web-based assessment tools discussed above, the framework of a similar web-based 

tool will also be presented in this study as another redistribution method and a direction for 

future development. Since the web-based tool will be developed based on a subject-specific 

finite element model, the common and major limitation of the existing tools can be resolved, 

with the subject-specific assessment for hip fracture risk being achieved. Consequently, the 

routine clinical assessment of osteoporotic hip fracture risk will be easier with the 

standalone program developed in this study, while the future studies can be conducted 

based on the framework of the web-based tool. 
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Chapter 3 

Quality examination of DXA images 

In this chapter, an introduction is made to DXA images and the examination of DXA image 

quality. Two algorithms for examining DXA quality are presented. The validation of these 

algorithms will be presented in Chapter 6.1. 

3.1 Bone imaging techniques 

At the end of last century, non-invasive assessment methods for human skeleton imaging 

experienced a rapid evolution [51]. In 1987, DXA was commercially introduced for the 

measurement of BMD based on the technique of X-ray spectrophotometry. 

In addition to DXA, another popular non-invasive BMD assessment method was QCT [52]. 

QCT can measure the true physical density of the bone with the unit of g/cm%. However, 

one of the major limitations of QCT was the higher ionizing radiation level required, com-

pared with DXA [53]. Hence, the use of QCT in clinical applications is not prioritized as 

DXA has been developing rapidly. 

The fundamental physical principle of DXA is to measure the energy decay of two X-rays 

with high- and low-photon energies following transmission through the body [52]. Same 
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as other radiologic techniques, it relies on different absorption level of X-rays to identify 

tissues with different radiographic densities. For a selected ROI with the unit of cm&, bone 

mineral content (BMC) is measured at each pixel based on its X-rays attenuation. The 

BMD at each pixel can be calculated through dividing BMC by the pixel’s area. For the 

whole ROI, DXA measures BMD (g/cm&) as the integral of bone mineral over the pro-

jected area, which is in contrast to QCT. Despite that, DXA is still widely used in clinical 

practice due to its low radiation dosage to patients, short scanning time and low cost [52]. 

One of the most critical applications of DXA is establishing the relationship between BMD 

and fracture risk in either the prediction or clinical treatment of osteoporosis. Besides, DXA 

has been used for measuring body fat composition and evaluating the effects of pharma-

ceutical therapy [28]. Figure 3-1 shows a typical DXA scanner used in clinics or clinical 

studies. DXA has been adopted by WHO as the official evaluation tool for hip fracture 

risks [29]. The aBMD measured by DXA is the most commonly used measurement crite-

rion for diagnosing osteoporosis [28]. 

 

Figure 3-1: A DXA scanner [54] 

In this study, a DXA image is accessed both in the native manufacturer format (‘enCore’) 

and as a MATLAB file (‘mat’). The file in the native manufacturer format contains infor-

mation on ROIs, while the MATLAB file contains BMD distribution in terms of pixel 

values [17]. The ROIs enables the automatic segmentation of proximal femur contour. A 
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sample DXA image can be seen in Figure 3-2(a), where the gray scale of any pixel repre-

sents the BMD at that point. Figure 3-2(b) shows the clinical ROIs, which are inherent to 

DXA devices. The coordinates corresponding to the femoral neck, trochanter and shaft 

regions were extracted from the ‘enCore’ header file. 

In Figure 3-3, self-defined ROIs and the corresponding critical cross-sections are defined. 

Critical cross-sections are the regions that are most prone to fracture, which are the nar-

rowest femoral neck, the intertrochanter and the subtrochanter. The narrowest femoral neck 

is the section with the minimum diameter at the femoral neck [55]. Femoral neck axis is 

orthogonal to and bisects the narrowest femoral neck section, and the femoral shaft axis is 

defined as the axis of femoral shaft [56]. With these two axes, the intertrochanter cross-

section is the bisecting line of the angle formed by the neck and the shaft axes. The distance 

between subtrochanter cross-section and the femoral neck-shaft intersection point is 1.5 

times of the narrowest femoral neck width [55]. The self-defined ROIs are 10mm wide 

rectangular regions around the three critical cross-section lines. 

� �

(a) (b)�

Figure 3-2: A sample DXA image and clinical ROIs 
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Figure 3-3: Critical cross-sections and self-defined ROIs 

Examples of qualified and unqualified DXA images with the corresponding hip-shaft out-

lines are shown in Figure 3-4. In a qualified DXA image, the bone edges and the hip-

femoral shaft outline should be clear. Moreover, the scan length should be long enough to 

identify all the ROIs. In the sample unqualified DXA images (Figure 3-4 (b), (c) and (d)), 

the hip outline or part of the trochanter ROI is missing, which are marked on the figures. 

As discussed before, DXA images with poor quality are not uncommon in clinical practice, 

and they can affect the precision of HFRI and the operation of FEA. Many mis-operations 

such as short scan length, improper or inconsistent positioning can induce quality issues to 

DXA scans. 

Defects in DXA images, which will cause failures in DXA-based finite element modeling, 

are reflected as certain features in the segmented proximal femur contour. Therefore, it is 

critical to identify these features in the proximal femur contour. To ensure a successful 

assessment of hip fracture risks, DXA images need to be automatically classified into qual-

ified and unqualified ones in advance based on the generated proximal femur contours. 

Previously, this classification process was completed by visual inspection. 
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(a) �

  
(b) 

  
(c) 

  
(d) 

Figure 3-4: (a) Sample qualified DXA image and hip-shaft outline; (b), (c), (d) Sample 

unqualified DXA images and hip-shaft outlines 
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A qualified proximal femur contour should be clear and smooth, as shown in Figure 3-5. 

Typical unqualified proximal femur contours can be approximately divided into four cate-

gories, which are described in Figure 3-6. 

 

Figure 3-5: A proximal femur contour generated from the DXA image 

 

� �

(a)� (b)�

� �

(c)� (d)�

Figure 3-6: Unqualified proximal femur contours with (a) redundant part, (b) missing 

part, (c) fluctuation, (d) incorrect shapes 
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3.2 Quality examination of DXA images based on 

geometric features 

3.2.1 Geometric features extracted from proximal femur contour 

images 

Before undergoing quality examination, geometric features of poor quality in femur con-

tours must be identified and quantified, which will be used as criteria in classification of 

DXA images. To identify these features, image processing is required. 

There are two types of pixels in a contour image, foreground and background pixels. Fore-

ground pixels refer to the pixels that form the femur contour, while the rest are background 

pixels. The purpose of image processing is to bring out the foreground pixels and further 

isolate any defective area. Afterwards, geometric features of unqualified contours have to 

be more distinct and able to be quantified, so that computer algorithms can easily identify 

them. 

Proximal femur contour images segmented from DXA images are RGB images with three 

color codes, i.e. red, green and blue. In other words, each pixel in the contour image is 

made of the combination of three colors. For a more convenient feature extraction, these 

contour images need to be converted into gray-scale images. This step can be considered 

as the basis of the following image-processing procedures. In a gray-scale image, pixels 

are represented by their gray-scale values, from 0 (black) to 1 (white). After loaded into 

MATLAB, the proximal femur contour image is converted into a gray-scale image and 



3.2 Quality examination of DXA images based on geometric features 30 

  

subtracted from 1, which is the grayscale value of white, as shown in Eq. (3-1). A sample 

contour image and the corresponding gray-scale image are presented in Figure 3-7. 

 

Figure 3-7: The proximal femur contour image and corresponding gray-scale image 

�
'()(+, -) = 0)12)03-4'()(+, -)5�

'()(+, -) = 1 − '()(+, -)�
Eq. (3-1) 

The gray-scale image is then dilated to extend edges of the femur contour and enlarge any 

defective area. As one of the basic operations of mathematical morphology, the main effect 

of image dilation is to gradually enlarge the boundaries of the foreground pixels (in this 

case, white pixels), which are the pixels used for the object(s) in an image, while the rest 

are called background pixels. The operation of image dilation takes two matrixes as inputs, 

i.e. the source image that is to be dilated and the kernel (or the structuring element) that 

determines how the source image will be transformed. In Eq. (3-2), '()89: and '();8< 

represent the source image and the dilated image. Since image dilation is a particular type 

of convolution operation, = can be considered as the kernel used during convolving. Eq. 

(3-3) shows the specific equation for image dilation. Additionally, the process of image 

dilation is illustrated in Figure 3-8, with the dilated image shown in Figure 3-9. 

� '();8< = >'?3@'AB('()89:, =)� Eq. (3-2) 

� CD@(+, -) = max
G(HI,JK)LM

D0N(+ + +K, - + -′)� Eq. (3-3) 
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Figure 3-8: Dilation (c) of the image (a) with the structuring element (b) 

 

Figure 3-9: The dilated image 

After image dilation, a threshold is applied to the image to convert the current image into 

a binary image, which is beneficial to obtain clearer edges. A pixel on a binary image has 

only two possible values, i.e. black or white. Therefore, the relationship between pixels can 

be uniquely expressed in a binary image [57]. In many cases, such as medical image pro-

cessing or character recognition, image binarization is conducted for a more convenient 

analysis. 

To determine the optimal threshold of image binarization, the gray-scale distribution of 

dilated pixels needs to be observed. Gray-scale values of every pixels on the dilated image 

are accounted for in a histogram, which is shown in Figure 3-10 (a). Besides, a partial view 

(Figure 3-10 (b)) is provided where the largest count of pixels is 1000.  
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(a) (b) 

Figure 3-10: Gray-level histogram of the dilated image 

According to the histogram, foreground and background pixels have no obvious separation, 

and there exist multiple peaks of gray-level between them. The proportion of foreground 

pixels in whole image is unknown, since the scanning image is subject-specific. Therefore, 

Otsu's method [58] is selected among the common methods. This method aims to search 

for a threshold that maximizes the inter-class variance of class possibilities. For example, 

for an image containing L pixels, pixels are separated into two classes, 1~T (object) and 

T~L-T (background). The average gray-scale value is calculated for two classes based on 

the possibility of each gray-level occurs. Then, the desired threshold will be the value of T 

that can maximize the inter-class variance. Hence, the difference between femur contour 

and background can also be maximized. 

Otsu's method is implemented for all dilated images in the train and validation sets (see 

Table 3-1) to achieve the optimal threshold of image binarization for each case. Since im-

age binarization influences the determination of foreground pixels, a certain and universal 

threshold should be applied for all cases in the computer algorithm instead of using differ-

ent thresholds. And this certain value can be determined based on the achieved optimal 



3.2 Quality examination of DXA images based on geometric features 33 

  

thresholds for each case. 

Over 96% of achieved threshold values are located between 0.3863 and 0.4. Overall, these 

values have a fairly small variation, the range between maximum and minimal values is 

0.0471, and the coefficient of variation (see the following equation) is 1.12%. Therefore, 

the mean of these values is selected as the optimal threshold in this study, which is 0.3952. 

Figure 3-11 shows the binary image, which has more well-defined edges compared with 

the dilated image. 

�
QARSS'N'RB@	AS	U30'3@'AB =
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&

B
+

× 100% 
Eq. (3-4) 

 

Figure 3-11: The binary image 

The binary image is then subject to image erosion for thinner edges, removing non-defec-

tive areas and better isolating the defective ones. Similar to image dilation, image erosion 

is also a basic operation of mathematical morphology. The fundamental effect of image 

erosion is to erode pixels along the boundaries of foreground pixels (in this case, white 

pixels), which can be regarded as the opposite of image dilation. 

The operation of image erosion also takes two matrixes as inputs, which are the source 

image that needs to be eroded and the kernel - akin to the kernel matrix used in the image 

dilation. In Eq. (3-5), '()89: and '();8< represent the source image and the eroded image. 
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Eq. (3-6) describes the evaluation of image erosion. Figure 3-12 illustrates the process of 

image erosion. Figure 3-13 presents the eroded image, which is almost a full black image 

with several small white segments. The features used for quality examination are extracted 

from the eroded image.  

 

Figure 3-12: Erosion (c) of the image (a) with the structuring element (b) 

� '();8< = [0AD'AB('()89:, =)� Eq. (3-5) 

� CD@(+, -) = min
G(HI,JK)LM

D0N(+ + +K, - + -′)� Eq. (3-6) 

 

Figure 3-13: The eroded image 

For an unqualified contour with fluctuations, the effect of image dilation and erosion for 

the defective area can be seen from Figure 3-14. The boundary of whole contour is enlarged 

with image dilation, including the defective pixels. Then, image erosion deletes most non-

defective pixels to segment the defective areas. Therefore, the defective area becomes more 
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distinct after these image operations, as a patch of pixels instead of a line of pixels. As for 

a qualified contour, the maximum number of pixels in a patch left in the eroded image will 

be much less than the ones of unqualified contours, since there are no defective areas. As 

a result, the maximum number of continuously neighboring pixels in the eroded image can 

be used for separating the unqualified contours from the qualified ones.  

 

Figure 3-14: Effects of image dilation and erosion 

In the eroded image, a patch of pixels can be considered a connected component, which is 

formed by adjacent foreground pixels with the same value [59]. For feature extraction, the 

area of each patch in the eroded image is calculated, and the maximum area is selected as 

the ‘feature’ for the quality examination (see Eq. (3-7)). These features are then saved into 

a MATLAB file (‘mat’) for any further uses. The difference between the features extracted 

from qualified and unqualified contours will be demonstrated in the next section. 

� SR3@ = max	{30R3_|' = 1, 2, …B}� Eq. (3-7) 
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3.2.2 Differences between qualified and unqualified proximal fe-

mur contours 

Figure 3-15 displays the proximal femur contours segmented from sample qualified and 

unqualified DXA images. In this case, it is evident that there exist fluctuation or folding 

lines in the femoral neck region of the unqualified contour. After image processing, the 

difference between the qualified and unqualified contours become more evident in the 

eroded images, as shown in Figure 3-16. 

 

Figure 3-15: Segmented contours from qualified and unqualified DXA images 

 

Figure 3-16: Eroded images of qualified and unqualified contours 

Figure 3-17 shows the zoom-in views of the same part on the sample qualified and unqual-

ified contours. The visual difference between non-defective and defective areas is quite 

obvious in this figure. 
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Figure 3-17: Zoom-in views of non-defective and defective areas 

As explained before, the maximum number of continuously neighboring pixels, or the max-

imum area of pixel patches, can be used as the feature for quality examination. Therefore, 

after image erosion, areas of every pixel patches should be calculated with the unit of pixel, 

then the maximum one is selected as the feature. In Figure 3-18, the features extracted from 

all the qualified and unqualified samples in the train set (see Table 3-1) are plotted into 

histograms. It can be observed that the features of qualified and unqualified contours have 

different distributions with nearly no overlap with each other. In other words, the extracted 

feature of a single contour is either located in the ‘qualified zone’ or the ‘unqualified zone.’ 

 

Figure 3-18: Statistic features of DXA images in the train set 
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For example, features of the sample images provided in this section can be seen in Figure 

3-19. It can be observed that the feature of qualified sample is smaller than 60 pixels, while 

the unqualified one is significantly larger, which is over 100 pixels. Hence, these two sam-

ples can be easily distinguished based on the extracted features. 

 
(a) 

 
(b) 

Figure 3-19: Features extracted from the sample contours 

In conclusion, it is feasible to classify qualified and unqualified DXA images based on the 

extracted feature, which is the maximum area of pixel patches in the eroded image. By 

using an algorithm, such as k-NN, to recognize the features, unqualified DXA images are 

easy to be identified and excluded from the finite element modeling procedures. 
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From Figure 3-20 to Figure 3-23, the features used for identifying the four types of unqual-

ified contours are demonstrated. Compared with non-defective part, detects in the femur 

contour can be transformed into considerably larger pixel patches in the eroded image. 

 

Figure 3-20: Feature extraction of an unqualified contour with redundant part 

 

Figure 3-21: Feature extraction of an unqualified contour with missing part 
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Figure 3-22: Feature extraction of an unqualified contour with fluctuation 

 

Figure 3-23: Feature extraction of an unqualified contour with incorrect shape 
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3.2.3 Quality examination using k-NN algorithm 

After feature extraction, k-NN algorithm is applied to classify the features and examine the 

quality of DXA images. It is a simple, non-parametric algorithm that can store all available 

samples and classify new samples based on a measure of similarity, for example the cosine 

distance function [60]. In the k-NN algorithm, each sample can be represented by its k 

nearest neighbors, where k is a positive content-defined integer. Hence, an unclassified 

sample should be assigned to the category which is most common among its closest k near-

est neighbors. Certainly, the classes of these neighbors need to be determined prior to the 

classification. This process can be considered as the ‘training phase’ of the k-NN algorithm, 

as there is no need for explicit training. To implement the k-NN algorithm in this study, the 

training set and validation data set shown in Table 3-1 were used. 

Table 3-1: Details of train and validation sets 

 Number of positive samples 

(qualified DXA images) 

Number of negative samples 

(unqualified DXA images) 

Train set 6464 636 

Validation set 2586 254 

 

The most critical and basic components of k-NN algorithm are the distance matrix and the 

k-value. Figure 3-24 shows the influence of distance function and k-value to the testing 

accuracy using the same validation set (see Table 3-1). Statistically, data can be recognized 

as numerical, categorical or mixed. Numerical data have the meaning as a measurement or 

a count, while categorical data represent characteristics without any mathematical meaning. 

Based on an experimental study on the distance function effect [60], Euclidean distance 

(see Eq. (3-8)) can make the k-NN classifier perform the best for numerical datasets. Chi-
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square distance (see Eq. (3-9)) is the optimal one for mixed type of datasets, which includes 

both numerical and categorical data. For categorical data, the performance of these two 

functions varies with the number of attributes. Although the feature in this study, the max-

imum area of pixel patches, is a type of numerical data, the performances of both Euclidean 

and Chi-square distances were compared, as shown in Figure 3-24. Overall, the Euclidean 

distance achieved better results and thus was selected. 

� > = cd(+_ − -_)&
e

_fg

� Eq. (3-8)�

� > =
1

2
d

(+_ − -_)
&

(+_ + -_)&_
 Eq. (3-9)�

In above equations, D is the distance between	+ and -; k is the number of dimensions; +_ 

and -_ represent the coordinates of two objects at this dimension. 

 

Figure 3-24: Testing accuracy for each k-value using Euclidean or Chi-square distances 

As for the k-value, it normally is a positive, content-defined integer that is not larger than 

20 or smaller than the square root of the number of training samples. To avoid over-fitting 
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or a high sensitivity to noise, cross validation was conducted to find the optimal k-value. 

Based on Figure 3-24, the testing accuracy reached to its highest value when k was 5, using 

Euclidean distance. When the k-value was relatively larger, for example 31, the testing 

accuracy experienced a rapid decrease. Therefore, the k-value is set to 5 for the k-NN al-

gorithm in this study. 

In the feature extraction stage (see Chapter 3.2.1), features were extracted from the training 

samples in the train set and saved as MATLAB files (‘mat’) for the quality examination of 

new DXA images. After that, the hyper-parameter k in the k-NN algorithm was set accord-

ing to the provided data and the extracted features in this model. With the developed model 

based on k-NN algorithm, the quality examination process for new DXA images is illus-

trated in Figure 3-25. 

 

Figure 3-25: Quality examination of DXA images based on k-NN 
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3.3 Quality examination of DXA images based on 

the distance between neighboring points 

 

Figure 3-26: Quality examination based on distance between neighboring points 

With the examination algorithm based on geometric features and k-NN, DXA images with 

the aforementioned four types of defects can be identified. However, this algorithm can 

fail under certain circumstances. For example, if the redundant or missing parts of a femur 

contour is formed by straight lines, the eroded pixels cannot form any larger pixel patch, 

this algorithm will fail to identify the defects. As a result, another algorithm based on the 
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distance between neighboring points was also developed in this study. Figure 3-26 illus-

trates the idea of this algorithm. 

After inputting DXA images and defining parameters for processing, the proximal femur 

outline is obtained, and sorted using the nearest neighboring method. Afterwards, a loop 

structure is used for removing faulty points, or outliers, from the sorted outline. Firstly, a 

distance parameter P is created to represent the path length of a point trace along the femur 

outline. Calculation of P is shown in the following equation, where x, y and i represent the 

coordinates and numbering of a point. 

� h_ = h_ig + j(+_ − +_ig)& + (-_ − -_ig)&� Eq. (3-10) 

In this loop structure, location of each point can be estimated from 5 points prior to it. For 

example, at the beginning of the loop, hg is assumed as 0, then h& ~hk can be calculated 

one by one. The estimated location of the 6th point is obtained by PCHIP (Piecewise Cubic 

Hermite Interpolating Polynomial) function, where hk is the query point, P and x represent 

the previous 5 points, as seen in the following equation. 

� +k_m8<_no<m; = pNℎ'p(h, +, hk)� Eq. (3-11) 

The distance between estimated and real locations of the 6th point is then compared with a 

predetermined tolerance (i.e., 0.35*hk) to decide whether to keep or delete this point from 

the outline. If the distance exceeds the tolerance, this point will be determined as a faulty 

point and removed from the outline. An example of femur outline with faulty points can 

be seen in Figure 3-27. After each loop, points remained on the outline need to be resorted. 
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Figure 3-27: Femur outline with faulty points 

Once all the faulty points are removed, the femur outline can be checked for its quality. It 

is aforementioned that this algorithm aims to identify defects that involves long distance 

between neighboring points. Therefore, the longest distance between two neighboring 

points on the femur outline is the feature in this algorithm. If this distance is larger than the 

predefined threshold, the femur outline, or the corresponding DXA image, will be identi-

fied as unqualified, such as Figure 3-28. In addition, outlines with too few left points or too 

many removed points are likely to have problems, such as Figure 3-29 with 44 removed 

points, so they are unqualified. A qualified image must pass all the checks. 

 

Figure 3-28: Femur outline that fails the distance check 
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Figure 3-29: Femur outline with too many removed points or too few left points 

The critical parameters in this algorithm are summarized in Table 3-2. Except for the num-

ber of points for interpolating polynomial function, other parameters are determined by 

statistical studies. Many femur outlines have been generated from our database of DXA 

images and manually divided into qualified and unqualified ones. Based on observation of 

these femur outlines, we have achieved appropriate values for these parameters. 

Table 3-2: Critical parameters in this algorithm  

Number of points for interpolating polynomial function 5 

Multiplier for identifying faulty points 0.35 

Maximum number of removed points 20 

Minimum number of left points in femur outline 100 

Threshold of distance between neighboring points 30 
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3.4 Comparison and combination of two quality 

examination algorithms 

The major differences between these two algorithms are the feature for quality examination 

and the approaches to define or identify the features, as shown in Table 3-3. In the algo-

rithm based on geometric features, the feature is the maximum area of pixel patches in the 

eroded image. Features of known cases are defined by training process, then the feature of 

an unknown case is identified by k-NN to determine its property, i.e., qualified or unqual-

ified. In the algorithm based on distance between neighboring points, an explicit threshold 

of distance is predefined by statistical studies. Then, property of a new feature is directly 

determined by being compared with the threshold. 

Table 3-3: Major differences between two algorithms 

 Feature Approach to define and 

identify the feature 

Algorithm based on 

geometric features 

Maximum area of pixel 

patches in the eroded image  

Training process and k-NN 

Algorithm based on 

neighboring points 

Longest distance between 

two neighboring points 

Compared with a predefined 

threshold value 

 

However, utilizing a feature alone can cause errors under certain circumstances, which can 

be seen in Figure 3-30. For example, the algorithm using distance feature can make false 

positive identification when the fluctuation range of points is smaller than the threshold 

(see Figure 3-30 (a)). If two adjacent points on the femur outline are connected by a straight 

line that is larger than the threshold (see Figure 3-30 (b)), the distance feature will lead to 
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a false negative identification. On the other hand, if the redundant part of an unqualified 

outline is formed by straight lines (see Figure 3-30 (c)), which have no effect to the pixels, 

the algorithm based on geometric features will fail. 

Therefore, these two algorithms need each other as a supplementary measure for a better 

representative of the DXA image’s quality. Accordingly, the quality examination of DXA 

images will be more effective if these algorithms are combined.  

   

(a) (b) (c) 

Figure 3-30: Some problematic femur contours 

With these two algorithms combined, all unqualified DXA images with known defects can 

be identified. However, the database used to develop these algorithms has its own limita-

tion. The number of cases is limited, and all images used in this study are obtained from 

scanners of the same model, which can be problematic. Future work needs to be done to 

investigate more images from more DXA scanners of different models. 
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Chapter 4 

Development of a standalone program 

for assessment of hip fracture risk 

In MATLAB, development of a standalone program, or an application, consists the follow-

ing three steps: (1) design of Graphical User Interface (GUI); (2) hook of callback functions 

to different controls; and (3) packaging of functions and generation of executable applica-

tion. The three steps are described in detail in the following sections. 

4.1 Design of GUI in MATLAB GUIDE 

A GUI is a graphical display that contains components that enable users to perform inter-

active tasks. Usually, a GUI consists of controls such as pushbuttons, sliders, menus and 

so forth. MATLAB GUIDE, or GUIDE, is the GUI development environment integrated 

within MATLAB. It provides a set of tools for creating GUIs and setting the User Interface 

(UI) controls regarding user interactions [61]. The process of designing and programming 

GUIs can be largely simplified by utilizing GUIDE. 
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GUIDE can be started by inputting ‘guide’ in the MATLAB Command Window, as seen 

in Figure 4-1. In this study, the Blank GUI (Default) template was selected to create a GUI. 

Once the designing process is finished, the GUI can be saved as a FIG file, which contains 

the complete information about the GUI window and all the control functions. Meanwhile, 

GUIDE automatically generates the corresponding M-file skeleton to control how the GUI 

works. 

 

Figure 4-1: The start interface of GUIDE 

 

Figure 4-2: The GUI designed for the standalone program 
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Figure 4-2 presents the GUI designed in MATLAB GUIDE. This program consists of two 

parts, which are the quality examination of DXA images and the hip fracture risk assess-

ment of qualified ones. 

Table 4-1: Functions of different buttons on the designed GUI 

Button on the GUI Function of the button 

enCore files Select the input directory of ‘enCore’ files 

mat files Select the input directory of ‘mat’ files 

Contour images Select the output directory of contour images 

Save Defective DXA Move defective DXA images into the assigned directory 

Save Qualified DXA Move qualified DXA images into the assigned directory 

Save Assessment Results 

of Hip Fracture Risk 

Save the result of hip fracture risk assessment into the as-

signed directory 

Start Run the program 

Exit Exit the program  

 

Firstly, the clinical DXA scans are read in both the native manufacturer format (‘enCore’) 

and as MATLAB files (‘mat’) to generate proximal femur contour images, as shown in 

Figure 4-2. Hence, the first part of this GUI contains two input boxes and one output box, 

respectively for the directories of DXA images and for outputting contour images, which 

are labelled as ‘Input 1’, ‘Input 2’ and ‘Output’ in Figure 4-2. Users can either type the 

directory paths or click on the corresponding buttons to select specific folders. After the 

quality examination, qualified and unqualified contour images will be put into two sub-

folders under the output directory. 

In the second part of the GUI, which is the hip fracture risk assessment, the qualified DXA 

images are read as input parameters by ‘Input 1’ and ‘Input 2’. Therefore, input boxes are 
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not required in this part. During the assessment, a progress bar (see Chapter 6.2) indicates 

the remaining time. In addition, designed function of each button on this GUI is explained 

in Table 4-1. 

4.2 Hook of callback functions to different con-

trols 

After designing the purpose for each button, we need to edit their callback functions in the 

M-file generated along with the GUI, in order to set the corresponding UI controls. 

Callback functions of all buttons on the GUI are listed in the Appendix. 

To explain how to hook the callback function to a control button, the ‘Start’ button in the 

first part of GUI is selected as an example. In Figure 4-3 (a), the ‘Start’ button is right-

clicked, then ‘View Callbacks’ and ‘Callback’ are selected. Once we click on ‘Callback’, 

GUIDE Tool will automatically redirect the interface to this button’s callback function in 

the M-file, as seen in Figure 4-3 (b). This button is designated to generate contour images 

and conduct quality examination for these images. In its callback function, we need to call 

the corresponding MATLAB file that can realize these functions, which is ‘bone_clas-

sify.m’. Prior to that, ‘folder_name’, ‘matlab_folder_name’ and ‘img_save_folder’ are de-

fined, since these are parameters required for running the function. During the operation of 

GUI, these parameters are acquired through input and output boxes. With the edited 

callback function, ‘bone_classify.m’ can be invoked with the inputted parameters by press-

ing the ‘Start’ button. 
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�

(a) 

 
(b) 

Figure 4-3: Edit callback function for a button 

4.3 Packaging of functions and generation of exe-

cutable application 

Subsequently, MATLAB Compiler was used to package the GUI and in-house MATLAB 

code into a standalone program. By using MATLAB Compiler, which is referred to as 

Application Compiler in the software interface, MATLAB programs can be shared as 

standalone applications (or programs) for redistribution to end users who do not need 
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MATLAB or have any knowledge in MATLAB. For the programs developed by MATLAB 

Compiler, it is essential to have MATLAB Runtime for royalty-free development [35]. 

MATLAB Runtime can be either packaged with the standalone program or downloaded by 

users during installation. 

The software interface of the Application Compiler can be seen in following figures in this 

section. It enables customization of the related information, such as the author, splash 

screen, and version number. In this study, the main file of the program was the M-file 

generated for the GUI. Once the main file was added, all of the other files that were de-

pendent on the main file were automatically identified and selected as ‘Files required for 

your application to run’. Moreover, any additional data or help files can be packaged into 

the final program. 

MATLAB Compiler (or Application Compiler) can either be found in the Application De-

ployment section of MATLAB APPS gallery or be activated by inputting ‘applicationCom-

piler’ in the Command Window. 

The first steps of packaging were picking the main file and adding it into the Compiler, as 

shown in Figure 4-4. The main file in this study was the M-file generated with the GUI, 

which was created for controlling the program. Once the main file was added, all the other 

files being used by the main file should be added into ‘Files required for your application 

to run.’ It should be noted that although MATLAB Compiler can recognize the main file 

and identify required files, sometimes it is possible to miss some types of files. Therefore, 

it is better to add the required files manually. 
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(a) Click on the marked plus sign to add the main file 

 
(b) Select the M-file generated for the GUI 

 

(c) The main file has been added 

Figure 4-4: Add main file into MATLAB Compiler 
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Figure 4-5 shows the packaging process in MATLAB Compiler interface. In addition to 

adding required files into the Compiler, another critical task was to provide some useful 

information about this program, such as the name of the program, name of the author, 

contact information of the author, summary and so on. 

 

Figure 4-5: Packaging process of application in MATLAB Compiler 

Moreover, the author can decide whether to include MATLAB Runtime in the package or 

not. In ‘PACKAGING OPTIONS’, if ‘Runtime included in package’ is selected, the size 

of the program will be larger. On the other side, if ‘Runtime downloaded from web’ is 

selected, users will need to download MATLAB Runtime when they start the program for 

the first time. 

The final step was to click on the ‘Package’ button on the interface to initiate the packaging 

process, as seen in Figure 4-6. Once the process was finished, the packaged program would 

be saved as an executable installer file (‘exe’) under the selected output directory. Users or 

clients can use this installer file instead of the in-house MATLAB code. As a result, the in-
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house MATLAB code can be strongly encrypted, and the intellectual property will be better 

protected. 

 

Figure 4-6: Interface during the packaging process 
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Chapter 5 

A preliminary framework of web-based 

biomechanical tool for assessment of 

hip fracture risk 

In this chapter, the framework of a web-based biomechanical tool is proposed for the clin-

ical assessment of hip fracture risk. It includes the quality examination of DXA images 

based on the distance between neighboring points and the subject-specific hip fracture risk 

assessment. 

5.1 Fundamental structure of the web-based tool 

In the web-based tool developed in this study, the assessment of hip fracture risk is com-

pleted by the in-house MATLAB codes. Therefore, the main challenge in the developing 

process is how to invoke the MATLAB code following user’s input at the front-end 

(webpage, or the HTML file). Instead of being embedded in the back-end, the MATLAB 

code is packaged into an executable file, which is an Executable and Linkable Format (ELF) 
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file, and invoked by the Linux shell script. Before that, the shell script is initiated by the 

back-end through the Common Gateway Interface (CGI). In this case, the ELF file can be 

isolated from the back-end, which is more convenient for any future modification of 

MATLAB code. 

The structure, or the data flow, of this web-based tool is shown in Figure 5-1. It is hosted 

on the Apache server in the Linux system and could be accessed externally. Firstly, user’s 

inputs are collected at the front-end by HTML forms. The Linux shell script and the ELF 

file are then invoked correspondingly. When the operation of the ELF file is finished, the 

assessment results are saved in a shared folder that can be accessed by the user through 

Samba. 

It should be noted that Apache and Samba are both free software, which can greatly reduce 

the cost of this study. Meanwhile, they have been actively maintained with updated features. 

In addition, the programming languages used in this study are all open-sourced and have 

high flexibility. The detailed introduction of the software and programming languages are 

presented in the following sections of this chapter. 

 

Figure 5-1: Structure of the web-based biomechanical tool developed in this study 
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5.2 Introduction to Apache and PHP 

For the web-based biomechanical tool, Ubuntu 16.04.4 LTS, which is the release of the 

Linux system, was installed in VMware [62] as the development system. Additionally, 

MATLAB 2015b, Apache 2.4.18 and Hypertext Preprocessor (PHP) were installed in the 

Linux system. 

As an open source software developed by the Apache Software Foundation and launched 

in 1995, Apache HTTP Server, which is usually called Apache, has been the most widely 

used web server software since 1996 [63]. Based on a research report from the Security 

Space [64], most of the Apache servers (over 90%) are installed in Linux at the moment. 

Apache is also available on other operating systems, such as Mac OS or Windows [65]. 

With the installation of Apache, web servers can be created to host one or more Hypertext 

Transfer Protocol (HTTP)-based websites. In other words, Apache, or any other web server, 

can be considered as the environment for the developed website to run in. There are many 

benefits from using Apache instead of other web servers since it is free for both personal 

and commercial uses [63]. Meanwhile, it has been actively maintained and kept being up-

dated with new features and modules, which make Apache one of the most feature-filled 

web servers. 

The server-side programming language of this web-based tool is PHP, which is also re-

quired to be manually installed in the Linux system. PHP is a free and widely-used scripting 

language that is executed on the server [66]. In web programming, the primary functions 

of PHP are to process the client’s request in the engine and create a corresponding response 

[67], as shown in Figure 5-2. 
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PHP can run on different operating systems, including Windows, Linux, and Mac OS, and 

support many databases [66]. It is compatible with almost all recognized servers, including 

Apache, which is the one used in this study. Additionally, the cost of this project can be 

largely reduced since PHP is an open source language. 

In this study, PHP is used for performing calculations, or the hip fracture risk assessment, 

with the data or information collected from the HTML page. 

 

Figure 5-2: The function of PHP in web programming 

5.3 Linux shell script 

A Linux shell script is a computer program designed to be run by the Linux shell [68]. The 

Linux shell is a command-line interpreter, where shell refers to the UI of the system. The 

shell can provide an interface for the interactive operations between users and the kernel 

of the operating system. By using a shell, inputting commands from users can be translated 

into binary commands, or source code, that can be identified and processed by the kernel 

of the computer. A shell script is similar to programming languages since they all include 
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variables and Control Flow Statements [68]. However, a shell script does not need to be 

compiled. 

Along with the Linux system, there are many different versions of Linux shell, such as 

Bourne Shell, BASH (Bourne Again Shell), Korn Shell and C Shell [69]. In this study, 

BASH was selected. It was written by Brian Fox for the GNU Project as a free software 

replacement for the Bourne shell and first released in 1989. Nowadays, BASH has become 

the default shell for many Linux system packages due to its enhanced functionality and 

features [70]. The ‘/bin/sh’ in a Linux system is usually the symbolic link towards 

‘/bin/bash.’ 

The first step of developing the Linux shell script in this study is to package the existing 

in-house MATLAB code into an executable file (or an ELF file) by using the Application 

Compiler. Except for not including a GUI written by MATLAB, the steps of using the 

Application Compiler in this chapter are similar to those in Chapter 4. In addition, the 

MATLAB program needs specific modification to be running on the Linux system. In the 

main MATLAB function, four directories are set as four parameters, which are the input 

directories of DXA images, output directory of contour images and the storage directory 

of the assessment results. These parameters are also the inputs of the front-end (see Figure 

5-4). After that, the packaged executable file is tested for its feasibility in the terminal of 

Linux system. 

Subsequently, the Linux shell script is required for setting the environmental variables. By 

running on a shell, shell scripts can perform various operations, including environment 

setting-up, file manipulation, and program execution. In this study, the primary function of 

the Linux shell scripting is to set the environmental variables to realize the transmission of 
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the parameters defined by the MATLAB program. The batch mode of the shell script is 

selected instead of the interactive mode, which means that the shell script has been written 

in advance to allow the commands in the script to be executed at one time. In the Linux 

shell script, the shell is declared at first. Afterwards, the environmental variables are de-

fined and set up using the ‘if…else…’ structure. The four directories used for assessing hip 

fracture risks are then set as ‘LIBRARY_PATH’ in order to be transmitted as the inputs or 

outputs. 

5.4 Construction of the front- and back-ends of 

the web-based tool 

In this study, HTML and PHP are the programming languages of the front- and back-ends 

of this web-based tool, respectively. The constructed web-based tool can be hosted on the 

Apache HTTP server. 

HTML describes the structure of web pages using markup. It is the standard markup lan-

guage for creating web pages and web applications [71]. Web browsers can receive HTML 

documents from the web server and render the documents into web pages. HTML allows 

users to create multiple types of contents on a web page, such as headings, paragraphs, 

images or input fields. To further specify the appearance of the created contents on the web 

page, Cascading Style Sheets (CSS) need to be added. The CSS style sheets of a web page 

are usually separate from the HTML file. The initial release of HTML was in 1993 [72]. 

The latest version, HTML 5.3, was published on April 26, 2018 [73]. In the past 25 years, 
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HTML has been continuously updated, except for the early and mid-2000s, as the devel-

opment of Extensible Hypertext Markup Language (XHTML) occupied the W3C's HTML 

Working Group [74]. 

One of the most critical parts of the HTML code in this study is the HTML form, which is 

used to collect user’s inputs on the developed web page[71]. In this case, the inputs are the 

four directories of input and output files that are required for running the MATLAB pro-

gram for hip fracture risk assessment. HTML form is a section containing form elements, 

or various types of input elements, including text fields, checkboxes and submit buttons 

[75]. In this study, input elements are used for defining the one-line text input fields that 

can allow users to input the directories. Figure 5-3 presents the full screenshot of the web-

based tool’s interface, with the four white input fields being created with HTML forms. As 

seen in Figure 5-4, titles of web page and input fields are developed with HTML headings. 

A start button is then added to the interface for initiating the assessment process. 

 

Figure 5-3: Interface of the developed web-based tool 



5.4 Construction of the front- and back-ends of the web-based tool 66 

  

 

Figure 5-4: Layout of the web-based tool’s interface  

During the process of hip fracture risk assessment, or data requesting, a waiting interface 

is added by Asynchronous JavaScript And XML (AJAX) [76], as shown in Figure 5-6. 

AJAX is not a programming language, but a new technology for the improvement of web 

applications. When the assessment using Linux shell script finishes, there will be a notifi-

cation message, which is shown in Figure 5-7. 

Back-end of the web-based tool is developed with PHP, where CGI is used for invoking 

the Linux shell script. CGI refers to the interfacing standards between web servers and 

external programs (CGI programs), which can offer a standard protocol for information 

transmission between the server and the CGI program [77]. CGI was initially developed 

by the National Center for Supercomputing Applications (NCSA) team for the NCSA 

HTTPd Web servers in 1993 [78], and it has been a standard for web servers since then. 

The basic process of using CGI in this study is described in Figure 5-5, where CGI can be 

considered as a remote execution of the shell script. Additionally, the related parameters 

are obtained through the Shell environment variables. 



5.5 Accessing the assessment results through Samba 67 

  

 

Figure 5-5: The process of using CGI in this project 

5.5 Accessing the assessment results through 

Samba 

Samba is a free software that can realize many networking protocols in Unix/Linux systems. 

For example, one of the most common protocols is Server Messages Block (SMB), which 

is a communication protocol for sharing files or printers between computers in the Local 

Area Network (LAN) [79]. In December 1991 and January 1992, the first version of Samba 

was developed [80]. Since then, Samba has been continuously improved for supporting 

new systems or features. 

Samba can set up network shares for selected directories in Unix/Linux systems. By using 

Samba, which can be regarded as a file sharing scheme, users can have access to the shared 

files, printers or other resources located on a server that is in the same LAN. In this study, 

assessment results are generated in the Linux system by the web-based tool hosted on the 
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Apache server. Samba is used for accessing these results from the main computer system, 

which is Mac OS. 

To realize the file sharing between Linux and Mac OS, Samba was installed in the Linux 

system through the terminal. A shared path was also created for saving the results of hip 

fracture risk assessment. The permission of this shared path was then set by executing the 

‘chmod’ command. Afterwards, the configuration file of Samba (‘samba.conf’) needed to 

be modified based on the requirement of this study. In addition, the Samba account was 

required to be added in Linux. With the username and password of the Samba account, the 

files under the shared path are accessible and modifiable from the main system by inputting 

the server address into a web browser. 

5.6 Operation process of the web-based tool 

As mentioned before, the framework of this web-based tool is hosted on a local server in 

Linux system. Users can have access to the web page and the assessment results through 

Samba. Different from the standalone program, there is no need for installing any software 

or environment to assess hip fracture risks using this web-based tool. 

The web page can be started by inputting its IP address into any web browser in the main 

system. As shown in Figure 5-6, the input directories of DXA images and output directories 

of contour images and assessment results need to be entered on the web page manually. 

Afterwards, users can click on the ‘Start assessment’ button to initiate the operation for the 

DXA images under the input paths. The ‘Clear’ button is used to empty all the input boxes 

on this web page. There is a progress bar during the assessment, as shown in Figure 5-6. 
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Once the assessment is finished, there will be a notification message to inform the user, 

with the assessment results saved under the designated directory, as shown in Figure 5-7. 

Subsequently, users can have access to the results through Samba from any computer that 

is in the same LAN. In the web-based tool developed in this study, the assessment results 

are saved as a text file, which can be transformed into an Excel file later. 

 

Figure 5-6: Inputting the directories and the waiting interface  

 

Figure 5-7: The notification message indicating that the assessment is finished 
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Chapter 6 

Results and discussion 

6.1 Validation of quality examination algorithms 

of DXA images 

In this section, there will be some discussion on the division of datasets and convergence 

test of k-NN algorithm. Then, the quality examination algorithms of DXA images proposed 

in this study will be validated and compared using different performance measures. 

6.1.1 Division of datasets in the k-NN algorithm 

To develop a k-NN algorithm, the first step is always the division or selection of datasets. 

The division of datasets in this study is summarized in Figure 6-1. The provided data (DXA 

images) was first divided into two datasets, the train set and the test set, which were used 

for constructing and validating. The test set was independent of the train set but with the 

same or similar probability distribution. In other words, the ratio between the quantities of 

qualified (or positive) and unqualified (or negative) samples should be the same or similar 

in these two datasets. Afterwards, the train set in the first division was further divided into 
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a train set and a validation set. This train set was used for the actual training, while the 

validation set was used for tuning the hyper-parameters during the model-constructing 

stage. It should be noted that the divided datasets cannot have any intersection. 

 

Figure 6-1: A visualization of the division of datasets 

Typically, if a model does not include any hyper-parameter or is easy to be tuned, there is 

no need for a validation set. For the k-NN algorithm in this study, the setting of parameters 

was based on the testing accuracy using the validation set. The performance of a model 

using the validation set can be considered as a signal to inform whether it can fulfill the 

requirement of accuracy, while the test set is only used for assessing this model. 

There are two critical ratios in the division of datasets, which are the ratio between the train 

set (the one at the second level) and validation set, and the ratio between positive and neg-

ative samples. According to Figure 6-1, those two ratios are approximately 2.5:1 and 10:1. 

Generally, the division of datasets mainly depends on the total number of provided samples 

and the actual model that need to be developed. The ratio of positive to negative samples 

is dependent on the condition of provided dataset, such as the size or the proportion. There 

is no fixed rule on how to divide the datasets. Hence, these ratios can be regarded as model- 

and original dataset-specific.  
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In the original dataset provided for this study, the ratio between qualified and unqualified 

DXA images was around 12:1, which meant that there was a limited quantity of negative 

samples. To improve the performance of developed algorithm, most of the provided DXA 

images were put into the train and validation sets. Moreover, the ratio between positive and 

negative samples in train and validation sets was 10:1 instead of 12:1 to avoid imbalance. 

For the test set, this ratio remained to be around 12:1 to simulate the actual distribution of 

DXA images in the clinical practice. 

6.1.2 Convergence test of the k-NN algorithm 

Before validation, convergence test was conducted to find out the optimal size of train set 

that can meet the requirements for classification accuracy and computational cost. The 

convergence rate of classification accuracy was the main subject, along with observation 

of testing time. 

In the convergence test, train sets with different sizes, consisting of 20, 30, 50, 100, 150, 

200, 300, 400, and 500 samples, were selected. In these train sets, the ratio between quali-

fied and unqualified contour images was 9:1. After training, the k-NN algorithm was tested 

using the same test set of 508 samples (positive: negative=1:1). After each time of training 

and testing, the testing accuracy and testing time were recorded and plotted. It should be 

clarified that the test set in this section was specifically selected for the convergence test, 

which was different from the test set used for validation. 

The variation of testing accuracy and testing time are shown in Figure 6-2 and Figure 6-3. 

It can be observed that the classification accuracy reached its highest value (0.9862) and 
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converged when the size of train set was 200. Besides, the increase of testing time was 

approximately linear with increasing size of train set. 

 

Figure 6-2: Convergence of testing accuracy of the k-NN algorithm 

 

Figure 6-3: Testing time of the k-NN algorithm 

6.1.3 Performance measures used for the validation 

After development process, the two quality examination algorithms need to be validated or 

evaluated based on their performance. In these algorithms, DXA images are classified as 

either qualified or unqualified cases. Therefore, DXA quality examination can be consid-

ered as a binary classification problem, similar to a ‘pass or fail’ test. 
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For a more straightforward view, a binary classification problem can be represented by the 

contingency table [81] shown in Table 6-1. It has two dimensions- the actual value and 

classified value. The accuracy of a binary classification is measured by the number of cor-

rect predictions divided by the total number of predictions [82], and it is computed by the 

sum of True Positives and True Negatives divided by the total predictions. Accuracy is an 

important metric, but it is not enough for evaluating a binary classifier. 

Based on Table 6-1, the main problem in this model is the existence of False Positives since 

they will cause errors in the FEA procedures. Therefore, if the quantity of False Positives 

is relatively high, even the accuracy is acceptable, this model cannot be applied to a more 

general application. The second problem is accuracy paradox [83], which can occur when 

there is a large class imbalance between positive and negative classes [84]. For example, 

if 98% of the provided cases are positive, then predicting every case is positive will achieve 

an accuracy of 98%. In this case, even a high accuracy is achieved, every unqualified case 

would have been missed and brought errors in FEA. Hence, other performance measures 

are required for validating the proposed quality examination algorithms in addition to the 

classification accuracy. 

Table 6-1: Contingency table of a binary classification problem 

 Actual value 

Positive Negative 

Classified 
value 

Positive True Positive False Positive 

Negative False Negative True Negative 

 

Under these circumstances, precision and recall were also selected for the validation. The 

precision, or Positive Predictive Value (PPV), is defined by the number of True Positives 
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divided by the total of True Positives and False Positives. The recall is the number of True 

Positives divided by the total of True Positives and False Negatives [85]. Compared with 

other popular performance measures, such as the Receiver Operating Characteristics (ROC) 

plots, precision and recall can provide a more accurate evaluation of the binary classifiers 

with imbalanced datasets [86]. The precision represents the ratio between positive predic-

tions and the classified positive ones, while the recall can be regarded as the ratio between 

positive predictions and the actual positive samples in the test dataset. A low precision or 

recall can indicate a large number of False Positives or False Negatives, separately.  

As a result, the performance measures used for validating quality examination algorithms 

of DXA images are shown in Table 6-2. Compared with using a single measure, combining 

all the measures can better evaluate the classification ability of the proposed algorithms 

[87]. Additionally, the contingency tables of the two algorithms were also used for com-

parison. 

Table 6-2: Performance measures used for the validation 

 Definition Meaning 

Classification 

accuracy 
Correct identifications
Total identifications  

Accuracy of the classification given 

a random sample. 

Precision True Positives	
True Positives	+	False Positives 

Exactness of the model. Lower pre-

cision means more False Positives. 

Recall 
True Positives 

True Positives	+	False Negatives 
Sensitivity or completeness of the 

model. 
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6.1.4 Validation and comparison of the proposed algorithms 

A test set of 1000 samples (see Figure 6-1) was used to validate the two quality examination 

algorithms and obtained the results given in Table 6-3 and Table 6-4. From the contingency 

tables, it is obvious that the second algorithm has shown a high value of False Positives, 

which will cause errors in the following FEA procedures. 

Table 6-3: Contingency table of the algorithm based on geometric features 

 Actual Positive Actual Negative 

Predicted Positive 920 5 

Predicted Negative 5 70 

 

Table 6-4: Contingency table of the algorithm based on distance between neighboring 

points 

 Actual Positive Actual Negative 

Predicted Positive 923 69 

Predicted Negative 2 6 

 

The two algorithms were compared based on consumed time and different performance 

measures (see Figure 6-4 and Figure 6-5). It should be noted that the consumed time refers 

to the total time for feature extraction and quality examination. In terms of accuracy, pre-

cision and consumed time, the algorithm based on geometric features showed a better per-

formance. However, the recall value of the algorithm based on distance between neighbor-

ing points was slightly higher. 
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Figure 6-4: Consumed time of proposed quality examination algorithms 

 

Figure 6-5: Detailed comparison based on performance measures 

6.2 Validation of the standalone program for hip 

fracture risk assessment 

For validation purpose, this program has been tested on several computers with different 

versions of Windows operating system and obtained good results. The versions of system 

did not show any influence on the installation or operation of this standalone program. 
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However, this program needs to be run as administrator, since it moves files and generates 

new files during the operation. 

Figure 6-6 presents the files in the output folder for redistribution, including the standalone 

program (‘Hip_fracture_risk_assessment.exe’) and ‘MCRInstaller.exe’. Firstly, ‘MCRIn-

staller.exe’ was initiated for installing MATLAB Runtime, as shown in Figure 6-7. Same 

as MATLAB software, MATLAB Runtime has different versions. To ensure a proper op-

eration environment, MATLAB Runtime has to be compatible with the original MATLAB 

software used for packaging. In this study, the standalone program was packaged with 

MATLAB 2015a, hence it needs MATLAB Runtime 2015a as its operation environment. 

Therefore, ‘MCRInstaller.exe’ was manually included in the output folder for a more con-

venient installation. 

After installing MATLAB Runtime, the standalone program could be started by clicking 

on ‘Hip_fracture_risk_assessment.exe’. The GUI of this program is the same as the design 

in Figure 4-2. It should be noted that this program does not need to be installed, it can be 

directly opened from the executable file. 

 

Figure 6-6: Output folder for redistribution 
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(a) Select ‘MCRInstaller.exe’ 

 

(b) MATLAB Runtime being extracted 

 

(c) Interface of MATLAB Runtime installer 

Figure 6-7: Installation of MATLAB Runtime 

In this section, 100 DXA images (100 pairs of enCore and MATLAB files) were randomly 

selected to validate the feasibility of applying this program to clinical assessment of hip 
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fracture risks. With the required directories (‘Input 1’, ‘Input 2’ and ‘Output’), femur con-

tour images were generated under the specified directory path by clicking the ‘Start’ button 

in the first part of this program. The quality examination consisted of two steps, as men-

tioned in Chapter 3.4. In each step, the segmented contour (Figure 6-8) was displayed on 

the computer screen once it had been generated. Afterwards, the quality examination would 

start automatically based on the coordinating contour images. During this process, contour 

images were classified into two sub-folders (‘GoodImages’ and ‘BadImages’) under the 

designated output directory. When the quality examination was finished, a message would 

be prompted to inform users that they could save the results, as shown in Figure 6-9. If the 

output data exceeds the storage limit of Excel, the results will be saved as a text file. 

With classified contour images, the second part of this program (Hip Fracture Risk Assess-

ment) could only process the DXA images that had corresponding contour images in the 

‘GoodImages’ folder. As shown in Figure 6-10, a progress bar and a notification message 

were also included in this part. 

Subsequently, the assessment results were exported into an Excel file (see Figure 6-11) 

under the selected directory. In the output file, the information and different results of the 

qualified DXA images are listed following the storage order. 

  

Figure 6-8: Generated contour images being displayed on the computer screen 
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Figure 6-9: Notification message for quality examination of DXA images 

 

Figure 6-10: Notification message for hip fracture risk assessment 

 

Figure 6-11:  Hip fracture risk assessment results of qualified DXA images 
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In conclusion, the standalone program developed in this study can automatically classify 

DXA images based on the quality of proximal femur contours and assess hip fracture risks 

for qualified DXA images. Since there is no requirement for installation and knowledge of 

MATLAB, it is effective and convenient for the redistribution of the in-house MATLAB 

code for hip fracture risk assessment. 

6.3 Discussion on the standalone program and 

the framework of web-based biomechanical tool 

In this study, the standalone program is ready for a large-scale assessment, while the web-

based biomechanical tool only has a preliminary framework and cannot be used in any 

clinical application. Therefore, this section will mainly focus on their differences and future 

directions of routine clinical assessment, instead of comparing their performance. 

As mentioned earlier, assessing hip fracture risks using the standalone program requires 

installation of specific version of MATLAB Runtime. If the framework of web-based tool 

can be further improved, there will be no need for installing any environment or software, 

except for being connected to the Internet. In addition, any modification or upgrade of the 

standalone program requires repackaging and redistribution. Comparatively, the web-

based tool will be easier to be maintained and upgraded, since the MATLAB code is stored 

on the server and can be modified as required. It can be concluded that a fully developed 

web-based biomechanical tool will have more potential for clinical application. 
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However, the web-based tool developed in this study is just a preliminary framework, and 

has certain limitations that need to be resolved (see Chapter 7.2), which make it far from 

being officially released. Under this circumstance, the standalone program can be consid-

ered as a temporary alternative to redistribute the in-house MATLAB code developed by 

our research group for hip fracture risk assessment.  

In the future, the web-based biomechanical tool can be further improved and gradually 

replace the standalone program as the redistribution method and be applied to the routine 

clinical assessment of hip fracture risks.
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Chapter 7 

Conclusions and future work 

7.1 Conclusions and contributions 

The previous DXA-based finite element model for hip fracture risk assessment was not 

fully-automated because defective DXA images could not be automatically excluded. Be-

fore conducting the assessment with finite element modeling, DXA images were required 

to be classified manually based on their qualities. Apart from that, the previous model was 

fully built with in-house MATLAB code, which was difficult to be applied to the clinical 

assessment of hip fracture risks. This thesis addressed these limitations, the major conclu-

sions and contributions of the present study are summarized as follows: 

• Two automatic quality examination algorithms of DXA images have been proposed 

in this study based on neighboring pixels or points located on the femur outline. 

Unqualified DXA images can be identified and excluded before the finite element 

modeling to make sure a fully automatic and subject-specific assessment of hip 

fracture risks. After that, these two quality examination algorithms have been inte-

grated with the previous DXA-based finite element model to be redistributed for a 
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more general clinical application.  

• With the utilization of k-NN algorithm in this study, the application of machine 

learning algorithms in the field of medical image classification has been explored. 

• A fully standalone and automatic program for the clinical assessment of hip fracture 

risks has been built based on the two quality examination algorithms of DXA im-

ages and the DXA-based finite element model. With this computer program, clini-

cians or physicians can conduct subject-specific assessment of hip fracture risks, 

without any requirement on installation of MATLAB or knowledge on MATLAB 

programming. 

• A preliminary framework of web-based biomechanical tool has been developed in 

this study as another redistribution method of the in-house MATLAB code and a 

direction for future studies. The operation of this web-based tool does not require 

any installation of environment or software. Although there exist some limitations, 

it provides a more convenient and efficient way for the routine clinical assessment 

of hip fracture risks using DXA images. 

7.2 Limitations of the present study 

The limitations of the present study are listed below: 

• The DXA images used in this study are all produced by DXA scanners of the same 

model. Due to the differences in DXA images that produced by different scanners, 

there is a possibility that the quality examination algorithms developed in this study 

cannot be applied to some DXA images. Therefore, the applicability of the quality 

examination algorithms proposed in this study has not been verified conclusively. 
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• The safety issues of the web-based biomechanical tool have not been resolved. In 

this study, the HTML and PHP files, or the front- and back-ends of the web-based 

tool are stored on the same server, which can result in safety issues. If the front-end 

is under attack, the back-end, including the in-house MATLAB code, will also be 

influenced. To improve the performance of this web-based tool, these safety issues 

need to be eliminated. 

• In the framework of the web-based tool, the file transmission between Linux system 

and main system has not been implemented. In this study, DXA images and results 

of hip fracture risk assessment are saved in the shared folder in Linux system, which 

can be accessed through Samba from the main system. In other words, users cannot 

upload or download files from the server directly. File transmission using the shared 

folder is acceptable for demonstration, but not for production. 

7.3 Future work 

To further improve the routine clinical assessment of hip fracture risks and the performance 

of the web-based tool, future works may include: 

• DXA images can be retrieved from more DXA scanners to test the applicability of 

quality examination algorithms developed in this study. 

• To eliminate the potential safety issues induced by using one server, the front-end 

(the webpage) of the web-based tool and the in-house MATLAB code can be hosted 

on two servers, as shown in Figure 7-1. In this scheme, clients send the request for 

hip fracture risk assessment and upload DXA images into Server 1, followed by the 

data transmission between two servers. When the assessment is completed, clients 
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will receive a notification message from Server 1 and download the results. By this 

way, the MATLAB code cannot be accessed by users directly. Thus, the web-based 

biomechanical tool can be better protected from the external attack. 

• Web Authentication [88] can be applied to improve the performance and security 

of the web-based biomechanical tool, while reducing cost at the same time. To pre-

vent any violation to the privacy rights, only clinicians or physicians should have 

access to patients’ DXA scans. In this case, these clinicians or physicians can apply 

for a pair of assigned username and password to have the log-in entry to send the 

request for hip fracture risk assessment and upload DXA images. 

• The requests from clients can be set as scheduled jobs using Web authentication to 

reduce the cost of real-time data transmission between two servers. After sending 

the request, the client can close the webpage and does not need to wait for the result. 

In the meantime, all the requests in a time period can be sent to Server 2 as sched-

uled jobs waiting to be processed. When the assessment for a request is completed 

on Server 2, the client will receive an email or a notification that includes a hyper-

link for downloading the results. 

• The application of machine learning algorithms in the fields of medical image pro-

cessing and assessing the risk of bone disease needs to be further studied in the 

future. The possibility of directly assessing fracture risks using machine learning 

algorithms can be investigated. 
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Figure 7-1: Developing the web-based biomechanical tool with two servers 
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Appendix 

Callback functions of objects on the GUI 

Based on the style, there are three types of objects (text, edit and pushbutton) on the de-

signed GUI, as shown in the following figure. Callback functions of pushbuttons need to 

be edited in the M-file generated along with the GUI. 

 

Figure: Layout of objects on the designed GUI 

The M-files of this GUI are shown below, with edited callback functions highlighted in 

yellow. 

function varargout = Hip_fracture_risk_assessment(varargin) 
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% IMAGE_QUALITY_IDENTIFICATION MATLAB code for Hip_fracture_risk_as-
sessment.fig 
%      IMAGE_QUALITY_IDENTIFICATION, by itself, creates a new IM-
AGE_QUALITY_IDENTIFICATION or raises the existing 
%      singleton*. 
% 
%      H = IMAGE_QUALITY_IDENTIFICATION returns the handle to a new IM-
AGE_QUALITY_IDENTIFICATION or the handle to 
%      the existing singleton*. 
% 
%      IMAGE_QUALITY_IDENTIFICATION('CALLBACK',hObject,eventData,han-
dles,...) calls the local 
%      function named CALLBACK in IMAGE_QUALITY_IDENTIFICATION.M with 
the given input arguments. 
% 
%      IMAGE_QUALITY_IDENTIFICATION('Property','Value',...) creates a 
new IMAGE_QUALITY_IDENTIFICATION or raises the 
%      existing singleton*.  Starting from the left, property value 
pairs are 
%      applied to the GUI before Hip_fracture_risk_assessment_Open-
ingFcn gets called.  An 
%      unrecognized property name or invalid value makes property ap-
plication 
%      stop.  All inputs are passed to Hip_fracture_risk_assess-
ment_OpeningFcn via varargin. 
% 
%      *See GUI Options on GUIDE's Tools menu.  Choose "GUI allows only 
one 
%      instance to run (singleton)". 
% 
% See also: GUIDE, GUIDATA, GUIHANDLES 
  
% Edit the above text to modify the response to help Hip_frac-
ture_risk_assessment 
  
% Last Modified by GUIDE v2.5 27-Jul-2019 21:41:22 
  
% Begin initialization code - DO NOT EDIT 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @Hip_fracture_risk_assess-
ment_OpeningFcn, ... 
                   'gui_OutputFcn',  @Hip_fracture_risk_assessment_Out-
putFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin && ischar(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 
  
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
else 
    gui_mainfcn(gui_State, varargin{:}); 
end 
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% End initialization code - DO NOT EDIT 
  
  
% --- Executes just before Hip_fracture_risk_assessment is made visi-
ble. 
function Hip_fracture_risk_assessment_OpeningFcn(hObject, eventdata, 
handles, varargin) 
% This function has no output args, see OutputFcn. 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
% varargin   command line arguments to Hip_fracture_risk_assessment 
(see VARARGIN) 
  
% Choose default command line output for Hip_fracture_risk_assessment 
handles.output = hObject; 
  
% Update handles structure 
guidata(hObject, handles); 
  
% UIWAIT makes Hip_fracture_risk_assessment wait for user response (see 
UIRESUME) 
% uiwait(handles.figure1); 
  
  
% --- Outputs from this function are returned to the command line. 
function varargout = Hip_fracture_risk_assessment_OutputFcn(hObject, 
eventdata, handles)  
% varargout  cell array for returning output args (see VARARGOUT); 
% hObject    handle to figure 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Get default command line output from handles structure 
varargout{1} = handles.output; 
  
  
function ED1_Callback(hObject, eventdata, handles) 
% hObject    handle to ED1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of ED1 as text 
%        str2double(get(hObject,'String')) returns contents of ED1 as a 
double 
  
  
% --- Executes during object creation, after setting all properties. 
function ED1_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to ED1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
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% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicon-
trolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
function ED2_Callback(hObject, eventdata, handles) 
% hObject    handle to ED2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of ED2 as text 
%        str2double(get(hObject,'String')) returns contents of ED2 as a 
double 
  
  
% --- Executes during object creation, after setting all properties. 
function ED2_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to ED2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicon-
trolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
  
function ED3_Callback(hObject, eventdata, handles) 
% hObject    handle to ED3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
  
% Hints: get(hObject,'String') returns contents of ED3 as text 
%        str2double(get(hObject,'String')) returns contents of ED3 as a 
double 
  
  
% --- Executes during object creation, after setting all properties. 
function ED3_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to ED3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
% Hint: edit controls usually have a white background on Windows. 
%       See ISPC and COMPUTER. 
if ispc && isequal(get(hObject,'BackgroundColor'), get(0,'defaultUicon-
trolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
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end 
  
  
% --- Executes on button press in pushbutton1. 
function pushbutton1_Callback(hObject, eventdata, handles) %% to get 
input folder and path for ‘enCore’ files 
% hObject    handle to pushbutton1 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
folder_name = uigetdir; 
if folder_name==0 
    return 
end 
 
set( handles.ED1, 'String',folder_name ); 
 
 
% --- Executes on button press in pushbutton2. 
function pushbutton2_Callback(hObject, eventdata, handles) %% to get 
input folder and path for ‘mat’ files 
% hObject    handle to pushbutton2 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
matlabfile_folder_name = uigetdir; 
if matlabfile_folder_name==0 
    return 
end 
set( handles.ED2, 'String',matlabfile_folder_name  ); 
 
 
% --- Executes on button press in pushbutton3. 
function pushbutton3_Callback(hObject, eventdata, handles) % to get 
folder and path for output files 
% hObject    handle to pushbutton3 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
img_save_folder = uigetdir; 
if img_save_folder==0 
    return 
end 
set( handles.ED3, 'String',img_save_folder  ); 
  
  
% --- Executes on button press in pushbutton4. 
function pushbutton4_Callback(hObject, eventdata, handles) %% to start 
quality check of DXA images 
% hObject    handle to pushbutton4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global folder_name matlabfile_folder_name img_save_folder  
  
folder_name = get( handles.ED1, 'String' ); 
matlabfile_folder_name = get( handles.ED2, 'String' ); 
img_save_folder= get( handles.ED3, 'String' ); 
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bone_classify 
  
  
% --- Executes during object creation, after setting all properties. 
function pushbutton4_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to pushbutton4 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
  
% --- Executes on button press in pushbutton5. 
function pushbutton5_Callback(hObject, eventdata, handles) %% to save 
the list of defective DXA images 
% hObject    handle to pushbutton5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
[ FileName, PathName ] = uiputfile(  '*.xls' ); 
if FileName==0 
    return 
end 
global delete_list  
  
P = [ PathName,FileName ]; 
  
results11=array2table(delete_list);                             
writetable(results11,P);      
  
  
% --- Executes during object creation, after setting all properties. 
function pushbutton5_CreateFcn(hObject, eventdata, handles) 
% hObject    handle to pushbutton5 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    empty - handles not created until after all CreateFcns 
called 
  
  
  
% --- Executes on button press in pushbutton6. 
function pushbutton6_Callback(hObject, eventdata, handles) %% to save 
qualified DXA images 
% hObject    handle to pushbutton6 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global data_num; 
global case_names; 
global case_pred; 
% %output to txt file 
if data_num > 6900 
[ FileName, PathName ] = uiputfile(  '*.txt' ); 
if FileName==0 
    return 
end 
P = [ PathName,FileName ]; 
 f=fopen(P,'wt'); 
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for i=1:data_num 
    fprintf(f,'%s',case_names{i}); 
    fprintf(f,'%s','   '); 
    fprintf(f,'%s\n',case_pred{i}); 
end 
 fclose(f); 
end 
  
% %output to excel file (has storage limit <6960 cases) 
if data_num <6900 
[ FileName, PathName ] = uiputfile(  '*.xlsx' ); 
if FileName==0 
    return 
end 
  
P = [ PathName,FileName ]; 
range = ['A1:A' num2str(data_num)]; 
xlswrite(P,case_names,range); 
range = ['B1:B' num2str(data_num)]; 
xlswrite(P,case_pred,range); 
end 
  
  
% --- Executes on button press in pushbutton7. 
function pushbutton7_Callback(hObject, eventdata, handles) %% to calcu-
late HFRI 
% hObject    handle to pushbutton7 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
global folder_name matlabfile_folder_name   
  
folder_name = get( handles.ED1, 'String' ); 
matlabfile_folder_name = get( handles.ED2, 'String' ); 
  
s_Main_code_in_house_ROI 
  
  
% --- Executes on button press in pushbutton8. 
function pushbutton8_Callback(hObject, eventdata, handles) %% to save 
HFRI 
% hObject    handle to pushbutton8 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
[ FileName, PathName ] = uiputfile(  '*.xls' ); 
if FileName==0 
    return 
end 
global results  
  
P = [ PathName,FileName ]; 
  
results11=struct2table(results);                             
writetable(results11,P); 
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% --- Executes on button press in pushbutton9. 
function pushbutton9_Callback(hObject, eventdata, handles) %% to exit 
the program 
% hObject    handle to pushbutton9 (see GCBO) 
% eventdata  reserved - to be defined in a future version of MATLAB 
% handles    structure with handles and user data (see GUIDATA) 
close; 
 


