
AGE ESTIMATION FROM ACETABULUM AND 

FEMORAL HEAD USING DIGITAL IMAGE 

PROCESSING TECHNIQUES 

 

 

 

 

 

 

SUPACHARD KRUDTONG 

 

 

 

 

 

 

DOCTOR OF PHILOSOPHY 

IN BIOMEDICAL ENGINEERING 

 

 

 

 

 

 

CHIANG MAI UNIVERSITY 

AUGUST 2024 



AGE ESTIMATION FROM ACETABULUM AND 

FEMORAL HEAD USING DIGITAL IMAGE  

PROCESSING TECHNIQUES 

 

 

 

 

 

SUPACHARD KRUDTONG 

 

 

 

 

 

DOCTOR OF PHILOSOPHY 

IN BIOMEDICAL ENGINEERING 

 

 

 

 

 

CHIANG MAI UNIVERSITY 

AUGUST 2024 



a 
 

AGE ESTIMATION FROM ACETABULUM AND FEMORAL HEAD 

USING DIGITAL IMAGE PROCESSING TECHNIQUES 

 

 

 

 

 

 

SUPACHARD KRUDTONG 

 

 

 

 

 

 

A THESIS SUBMITTED TO CHIANG MAI UNIVERSITY IN PARTIAL 

FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF  

DOCTOR OF PHILOSOPHY  

IN BIOMEDICAL ENGINEERING 

 

 

 

 

 

 

CHIANG MAI UNIVERSITY 

AUGUST 2024 





c 
 

ACKNOWLEDGEMENT 

 

I would like to express my deepest gratitude to my advisor, Professor 

(distinguished) Pasuk Mahakkanukrauh, MD., for her unwavering support, guidance, and 

encouragement throughout my journey. Her expertise and insights have been invaluable 

to my research. 

I am also grateful to the members of my dissertation committee, Asst. Prof. Dr. 

Parkpoom Jarupoom, Professor Dr. Nipon Theera-Umpon, Assoc. Prof. Apichat 

Sinthubua and Asst. Prof. Dr. Sukon Prasitwattanaseree, for their constructive feedback 

and suggestions, which have significantly improved the quality of my work. 

Special thanks to my colleagues and friends in the Forensic Osteology Research 

Center (FORC) for their camaraderie and assistance. Their support has made this journey 

more enjoyable and fulfilling. 

Lastly, I am deeply indebted to my family for their endless love, patience, and 

encouragement. Their belief in me has been my greatest source of strength. 

 

Supachard Krudtong 

 



d 
 

หัวข้อดุษฎีนิพนธ์ การประเมินอายุจากอะเซตาบูลัมและฟีเมอรอลเฮดด้วยเทคนิคการ
ประมวลผลภาพดิจิทลั 

ผู้เขียน   นายศุภชาติ กรุดทอง 

ปริญญา   ปรัชญาดุษฎีบณัฑิต (วิศวกรรมชีวการแพทย)์ 

คณะกรรมการที่ปรึกษา ศ.(เช่ียวชาญพิเศษ)พญ.ผาสุก มหรรฆานุเคราะห์ อาจารยท์ี่ปรึกษาหลกั
   ศ. ดร. นิพนธ์ ธีรอ าพน    อาจารยท์ี่ปรึกษาร่วม
   รศ. อภิชาติ สินธุบวั    อาจารยท์ี่ปรึกษาร่วม 

 

บทคัดย่อ 

 

 การระบุตวัตนของโครงกระดูกมนุษยเ์ป็นเร่ืองที่มีความส าคญัอยา่งย่ิง โดยเฉพาะอยา่งย่ิงการ
ประเมิณอายุกระดูกเมื่อเสียชีวิตซ่ึงเป็นหน่ึงในปัจจัยหลกั ขอ้ต่อสะโพกที่ประกอบด้วยเบ้ากระดูก
สะโพก (acetabulum) และหัวกระดูกตน้ขา (femoral head) เป็นส่วนส าคญั เบา้กระดูกสะโพกเป็น
หน่ึงในองคป์ระกอบของโครงกระดูกที่คงสภาพไดดี้ที่สุด การวดัเปอร์เซ็นตค์วามพรุนและอตัราส่วน
พ้ืนที่สามารถให้ขอ้มูลเชิงลึกเก่ียวกบัอายุของกระดูกได ้การประมาณอายุของกระดูกแบบดั้งเดิมมกั
ด าเนินการโดยผูเ้ช่ียวชาญ แต่การส่งตวัอยา่งกระดูกไปยงัผูเ้ช่ียวชาญนั้นมีขอ้จ ากดั ปัจจุบนัเทคนิคการ
ประมวลผลภาพถูกใช้อย่างแพร่หลาย ท าให้การส่งภาพเพื่อการวิเคราะห์จากผูเ้ช่ียวชาญเป็นเร่ืองง่าย
ขึ้น งานวิจยัน้ีใช้เทคนิคการประมวลผลภาพเพื่อช่วยในการประมาณอายุของกระดูก โดยใช้ภาพของ
เบา้กระดูกสะโพกและหัวกระดูกตน้ขาจากประชากรไทย 

เก็บตวัอย่างจากโครงกระดูกจ านวน 167 ร่าง ประกอบดว้ยผูห้ญิง 59 คน อายุระหว่าง 26 ถึง 
100 ปี และผูช้าย 108 คน อายรุะหว่าง 26 ถึง 97 ปี โครงกระดูกที่รับบริจาคอยูร่ะหว่างปี พ.ศ. 2554 ถึง 
พ.ศ. 2562 ภาพถ่ายสีถูกแปลงเป็นภาพเฉดสีเทา โดยค่าพิกเซลอยูใ่นช่วง 0 ถึง 255 พิกเซลที่มีค่าความ
เข้มต ่ากว่าค่าที่ก  าหนดจะถูกจัดเป็นพิกเซลของรูพรุน ในขณะที่พิกเซลที่มีค่าความเขม้สูงกว่าค่าที่
ก  าหนดจะถูกจดัเป็นเน้ือกระดูก เปอร์เซ็นต์ความพรุนของ acetabular fossa ถูกค านวณจากภาพของ
เบา้กระดูกสะโพก และเปอร์เซ็นตค์วามพรุนของ fovea capitis ถูกค านวณจากภาพของหัวกระดูกตน้
ขา นอกจากน้ียงัมีการค านวณอตัราส่วนพ้ืนที่ โดยอตัราส่วนพ้ืนที่ของเบา้กระดูกสะโพกถูกค านวณ
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จากอตัราส่วนพ้ืนที่ของ acetabular fossa ต่อพ้ืนที่รวมของเบา้กระดูกสะโพก และอตัราส่วนพ้ืนที่ของ
หัวกระดูกตน้ขาถูกค านวณจากอตัราส่วนพ้ืนที่ของ fovea capitis ต่อพ้ืนที่รวมของหัวกระดูกตน้ขา 
ความสัมพนัธ์ระหว่างตวัแปรหลกัสองตวัน้ีและอายถุูกวิเคราะห์โดยใชวิ้ธีการทางสถิติ 

ที่ระดบัความเช่ือมัน่ 90% หรือระดบันยัส าคญั α = 0.10 พบความสัมพนัธ์ระหว่างเปอร์เซ็นต์

ความพรุนและอายปุระเมินในผูช้าย สมการอายปุระเมินส าหรับเบา้กระดูกสะโพกดา้นซ้ายในผูช้ายคือ 
A = 2.2776P – 25.2553 (R² = 0.3317) โดยที่ A แทนอายุประเมิน และ P แทนเปอร์เซ็นต์ความพรุน

ของกระดูก นอกจากน้ี ยงัพบความสัมพนัธ์ระหว่างอตัราส่วนพ้ืนที่และอายุประเมินในหัวกระดูกตน้

ขาทั้งผูห้ญิงและผูช้ายทั้งดา้นซ้ายและขวา ส าหรับหัวกระดูกตน้ขาดา้นขวาในผูห้ญิง สมการประมาณ
อายคุือ A = 2.6049R + 33.7348 (R² = 0.2023) โดยที่ A แทนอายปุระเมิน และ R แทนอตัราส่วนพ้ืนที่ 

ความคลาดเคลื่อนของสมการเปอร์เซ็นต์ความพรุนและอายุประเมินอยู่ในช่วง 0 ถึง 16 ปี โดยมีความ

คลาดเคลื่อนเฉลี่ยอยู่ระหว่าง 5 ถึง 9 ปี ส่วนความคลาดเคลื่อนของสมการอัตราส่วนพ้ืนที่และอายุ
ประเมินอยูใ่นช่วง 0 ถึง 36 ปี โดยมีความคลาดเคลื่อนเฉลี่ยอยู่ระหว่าง 8 ถึง 17 ปี ขอ้จ ากดัที่ส าคญัใน

กระบวนการน้ีคือความสะอาดของกระดูก เน่ืองจากมีผลโดยตรงต่อค่าความเข้มของพิกเซล อาจ
น าไปสู่อายปุระเมินที่คลาดเคลื่อนอยา่งมากได ้
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ABSTRACT 

 

The personal identification of human skeletal remains is of great importance, with 

age at death being one of the key parameters. The hip joint, which includes the acetabulum 

and femoral head, is a crucial part of skeletal remains. The acetabulum, in particular, is 

one of the most well-preserved skeletal elements. Percent porosity and area ratio can 

provide insights into the age of the bone. Traditionally, age estimation of bones has been 

conducted by experts, but sending bone samples to specialists has its limitations. 

Nowadays, image processing techniques are widely used, making it much easier to send 

images for expert analysis. This research employs image processing techniques to assist 

in estimating the age of bones, using images of the acetabulum and femoral head from 

the Thai population. 

Samples were collected from 167 skeletons, comprising 59 females aged 26 to 

100 years and 108 males aged 26 to 97 years. The skeleton donations were made between 

2011 and 2019. Color images were converted to grayscale, with pixel values ranging from 

0 to 255. Dark gray pixels with values below a certain threshold were classified as porous 

pixels, while light gray pixels with values above the threshold were classified as bone 

pixels. Percent porosity of the acetabular fossa was calculated from acetabulum images, 

and percent porosity of the fovea capitis was calculated from femoral head images. Area 
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ratios were also determined. The area ratio of the acetabulum was calculated as the ratio 

of the acetabular fossa area to the total acetabulum area. The area ratio of the femoral 

head was calculated as the ratio of the fovea capitis area to the total femoral head area. 

The interrelationships between these two main variables and age were analyzed using 

statistical methods.  

At a confidence level of 90% or a significance level of α = 0.10, a relationship 

exists between percent porosity and estimated age in males. The estimated age equation 

for the left side of the male acetabulum is A = 2.2776P – 25.2553 (R² = 0.3317), where A 

represents the estimated age and P represents percent porosity. There is also a relationship 

between area ratio and estimated age in the femoral head for both females and males, on 

both the left and right sides. For the right side of the female femoral head, the estimated 

age equation is A = 2.6049R + 33.7348 (R² = 0.2023), where A is the estimated age and 

R is the area ratio. The errors for percent porosity to estimated age equations range from 

0 to 16 years, with average errors between 5 and 9 years. For area ratio to estimated age 

equations, errors range from 0 to 36 years, with average errors between 8 and 17 years. A 

significant challenge in this process is the cleanliness of the bones, as it directly affects 

pixel values, leading to potential inaccuracies. 

 



h 
 

CONTENTS 

Page 

Acknowledgement         c 

Abstract in Thai         d 

Abstract in English         f 

Contents          h 

List of Tables          j 

List of Figures          l 

Statement of Originality in Thai       o 

Statement of Originality in English       p 

Chapter 1 Introduction        1 

 1.1 Objectives and outcomes       3 

 1.2 Scope of study        3 

Chapter 2 Literature Review        4 

Chapter 3 Methodology        21 

 3.1 Introduction        21 

 3.2 Hip joint         23 

 3.3 Sample         24 



i 
 

 Page 

3.4 Recording images and photography     25 

3.5 Digital image processing       27 

3.6 Statistics process        32 

3.7 Equation audit        33 

Chapter 4 Results         35 

 4.1 Solutions in each group       35 

  4.1.1 Percent porosity and age     35 

  4.1.2 Area ratio and age      48 

 4.2 Solutions of every group       61 

 4.3 Solution of equations audit      62 

Chapter 5 Conclusion and Suggestion      64 

 5.1 Percent porosity and age relationship     64 

 5.2 Area ratio and age relationship      65 

 5.3 Solution of equations audit      66 

 5.4 Suggestion         66 

References          70 

Curriculum Vitae         73 

 



j 
 

LIST OF TABLES 

Page 

Table 2.1 p-Values obtained from pair-wise comparisons of acetabular shape  13 

across age groups 

Table 4.1 Percent porosity and age of female acetabulum left side.   36 

Table 4.2 Percent porosity and age of female acetabulum right side.   37 

Table 4.3 Percent porosity and age of female acetabulum both sides.  38 

Table 4.4 Percent porosity and age of male acetabulum left side.   39 

Table 4.5 Percent porosity and age of male acetabulum right side.   40 

Table 4.6 Percent porosity and age of male acetabulum both sides.   41 

Table 4.7 Percent porosity and age of female femoral head left side.  42 

Table 4.8 Percent porosity and age of female femoral head right side.  43 

Table 4.9 Percent porosity and age of female femoral head both sides.  44 

Table 4.10 Percent porosity and age of male femoral head left side.   45 

Table 4.11 Percent porosity and age of male femoral head right side.  46 

Table 4.12 Percent porosity and age of male femoral head both sides.  47 

Table 4.13 Area ratio and age of female acetabulum left side.   49 

Table 4.14 Area ratio and age of female acetabulum right side.   50 

Table 4.15 Area ratio and age of female acetabulum both sides.   51 

Table 4.16 Area ratio and age of male acetabulum left side.    52 

Table 4.17 Area ratio and age of male acetabulum right side.   53 

Table 4.18 Area ratio and age of male acetabulum both sides.   54 



k 
 

Page 

Table 4.19 Area ratio and age of female femoral head left side.   55 

Table 4.20 Area ratio and age of female femoral head right side.   56 

Table 4.21 Area ratio and age of female femoral head both sides.   57 

Table 4.22 Area ratio and age of male femoral head left side.   58 

Table 4.23 Area ratio and age of male femoral head right side.   59 

Table 4.24 Area ratio and age of male femoral head both sides.   60 

Table 4.25 Percent porosity and age relationship.     61 

Table 4.26 Area ratio and age relationship.      62 

Table 4.27 Equations audit of percent porosity and age relationship.  63 

Table 4.28 Equations audit of area ratio and age relationship.   63 

Table 5.1 Percent porosity and age relationship.     65 

Table 5.2 Percent porosity and age non-relationship.     65 

Table 5.3 Area ratio and age relationship.      66 

Table 5.4 Area ratio and age non-relationship.     66 

 



l 
 

LIST OF FIGURES 

Page 

Figure 1.1 Acetabulum, acetabular fossa and lunate surface (left), femoral   1 

head and fovea capitis (right) 

Figure 2.1 Histomorphometry determination of the porosity and pore size   5 

distribution in bone: (A and C) the photographic image of a bone cross-section,  

(B and D) the image after process 

Figure 2.2 Age-related changes and porosity determined by NMR and bone 5 

histomorphometry 

Figure 2.3 Box plot of age relate to porosities of the acetabular fossa at each  7 

states   

Figure 2.4 Reference system in which the sacrum is positioned (left). Example  8  

of the profile of the sacral base, with the four variables (right). 

Figure 2.5 Scanned and cleaned image of the core (pores are shown as black)  9 

(left). Relationship between REA and porosity (right). 

Figure 2.6 Box plot of the actual age of subjects according to overall score (left). 10 

Scatter graph showing distribution of scores for subjects aged over 50 (right). 

Figure 2.7 Histograms (circles) of sample I (a) and II (b) and their    11 

approximations (solid lines) 

Figure 2.8 PCA plot for visualizing shape variation among all female age   14 

groups   

Figure 2.9 Anteroposterior view of the left hip joint     15 

Figure 2.10 The fovea capitis femoris (FCF) photographed in face with a   17 

reference scale (left). The fovea capitis maximum diameter and the polyline  

outlining the boundary edges of the FCF (right). 

Figure 2.11 Image processing workflow employed.     19 



m 
 

Page 

Figure 3.1 Captured image of acetabulum (left). Captured image of femoral  21 

head (right).  

Figure 3.2 Work flow.         22 

Figure 3.3 Cropped grayscale image of acetabulum (left). Cropped grayscale  23 

image of femoral head (right). 

Figure 3.4 Right os coxae and acetabulum (left). Right Femur and femoral head. 24 

Figure 3.5 Dirty bones.        25 

Figure 3.6 Acetabulum photo (left). Femoral head photo (right).   27 

Figure 3.7 Grayscale image (left). Grayscale variation (right).   28 

Figure 3.8 Edge detection and segmentation.      29 

Figure 3.9 Acetabular fossa (left). Lunate surface (right).    30 

Figure 3.10 Histogram and statistic values.      31 

Figure 3.11 Femoral head and histogram.      32 

Figure 4.1 Percent porosity and age of female acetabulum left side.   36 

Figure 4.2 Percent porosity and age of female acetabulum right side.  37 

Figure 4.3 Percent porosity and age of female acetabulum both sides.  38 

Figure 4.4 Percent porosity and age of male acetabulum left side.   39 

Figure 4.5 Percent porosity and age of male acetabulum right side.   40 

Figure 4.6 Percent porosity and age of male acetabulum both sides.   41 

Figure 4.7 Percent porosity and age of female femoral head left side.  42 

Figure 4.8 Percent porosity and age of female femoral head right side.  43 

Figure 4.9 Percent porosity and age of female femoral head both sides.  44 



n 
 

Page 

Figure 4.10 Percent porosity and age of male femoral head left side.  45 

Figure 4.11 Percent porosity and age of male femoral head right side.  46 

Figure 4.12 Percent porosity and age of male femoral head both sides.  47 

Figure 4.13 Area ratio and age of female acetabulum left side.   49 

Figure 4.14 Area ratio and age of female acetabulum right side.   50 

Figure 4.15 Area ratio and age of female acetabulum both sides.   51 

Figure 4.16 Area ratio and age of male acetabulum left side.    52 

Figure 4.17 Area ratio and age of male acetabulum right side.   53 

Figure 4.18 Area ratio and age of male acetabulum both sides.   54 

Figure 4.19 Area ratio and age of female femoral head left side.   55 

Figure 4.20 Area ratio and age of female femoral head right side.   56 

Figure 4.21 Area ratio and age of female femoral head both sides.   57 

Figure 4.22 Area ratio and age of male femoral head left side.   58 

Figure 4.23 Area ratio and age of male femoral head right side.   59 

Figure 4.24 Area ratio and age of male femoral head both sides.   60 

Figure 5.1 Clear acetabular fossa (left), Unclear acetabular fossa (right).  68 

 

 



o 
 

ข้อความแห่งการริเร่ิม 

 

1) วิทยานิพนธ์น้ีได้เสนอวิธีการใหม่ในการประเมินอายุกระดูก โดยใช้เทคนิคการประมวลผล
ภาพดิจิทลั โดยพิจารณาจากค่าความเขม้แสงของพิกเซลจากภาพถ่ายของกระดูกขอ้ต่อสะโพก 
 

2) กระประเมินความพรุนของกระดูกจากความเข้มแสงของพิกเซล ท าให้ได้ผลประเมินจาก
มาตรฐานเดียวกนั โดยไม่ขี้นกบัการสังเกตของผูป้ระเมินที่อาจให้ผลลพัธ์ที่ขดัแยง้กนัได ้
 

3) การส่งภาพถ่ายของกระดูกให้ผูเ้ช่ียวชาญประเมินอาย ุสามารถท าไดง้่ายและรวดเร็วกว่าการส่ง
กระดูกจริงให้ผูเ้ช่ียวชาญมาก ช่วยลดเวลาและค่าใชจ่้ายไดเ้ป็นอยา่งมาก 
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STATEMENTS OF ORIGINALITY 

 

1. This thesis proposes a novel method for estimating bone age using digital image 

processing techniques, focusing on the pixel intensity values from the images of the 

hip joint bones. 

 

2. The assessment of bone porosity based on pixel intensity values provides a 

standardized evaluation, eliminating potential discrepancies that may arise from 

subjective observations by evaluators. 

 

3. Sending bone images for age estimation by experts is significantly easier and faster 

than sending the actual bones, greatly reducing both time and costs. 
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CHAPTER 1 

Introduction 

 

The personal identification of human skeletal remains is a crucial process 

performed in every case. To determine if the remains belong to an individual person, 

various pieces of information need to be assessed, including ethnic background, sex, age, 

and stature at the time of death. Age at death is particularly significant and can be 

estimated using different parts of the skeletal remains. Common methods for estimating 

the age of adult remains include analyzing the pubic symphysis surface, auricular surface 

of the ilium, sternal rib end, cranial suture closure, and dental wear. The pubic symphysis 

surface is widely used for estimating adult age [Evison, 2009]. Additionally, the region 

of the acetabulum (as shown in figure 1.1) is another useful area for estimating age at 

death in adults [Rissech, 2006]. This region comprises the lunate surface (outer area) and 

the acetabular fossa (inner area). 

 

Figure 1.1 Acetabulum, acetabular fossa and lunate surface (left), femoral head and 

fovea capitis (right) 
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Rissech (2006) conducted a study on the acetabulum to estimate the age at death 

in adult males from Portugal. In this study, the acetabulum was classified into seven 

variables. Similarly, Khomkham (2017) also examined the same seven variables as 

Rissech (2006), but in Thai individuals. One of the variables they both investigated was 

the porosity of the acetabular fossa. Rissech (2006) categorized the porosities of the 

acetabular fossa into seven states, ranging from state 0 to state 6, with each state being 

described. To determine the porosity state of each acetabular fossa, careful observation 

of the acetabular fossa area is necessary. A team-based approach, as outlined by Evison 

(2009), is employed to investigate and analyze the skeletal remains. A specialist focuses 

on the acetabular fossa area and determines the level of porosity. It is worth noting that 

different specialists may have varying judgments and responses to different states of 

porosity levels. This variability among specialists can sometimes lead to disagreements 

regarding the estimated age at death.  

A computer program based on image processing is a valuable tool utilized in 

various medical fields. It aids specialists in working more efficiently and expeditiously. 

Consistency in using the same image processing approach yields consistent outcomes and 

reduces discrepancies. The objective of this study is to develop an algorithm based on 

image processing to calculate the porosity of the acetabular fossa and its correlation with 

age at death. The program is capable of extracting the lunate surface and acetabular fossa 

(as depicted in figure 1.1) and calculating the area ratio between them. This area ratio is 

then analyzed in relation to the age at death. Additionally, the femoral head (also shown 

in figure 1.1), which is connected to the acetabulum, is considered in this study. The 

program can extract the femoral head and fovea capitis, calculate the area ratio of the 

fovea capitis and femoral head, and determine the porosity of the fovea capitis. All 

calculations are performed with respect to the age at death. The outcome of this study is 

an image processing program that focuses on the acetabulum and femoral head. The 

porosity and area ratio obtained from the program are utilized to estimate the age at death. 
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1.1 Objectives and outcomes 

1. A computer program based on image processing to analyze the acetabulum and 

femoral head. 

2. Relationship of porosity and area ratio relate to age at death. 

1.2 Scope of study 

1. Focus on acetabulum and femoral head both left and right side. 

2. The skeletons are from the Forensic Osteology Research Center (FORC) of the 

Faculty of Medicine, Chiang Mai University, Thailand.  

3. The 2D images are taken by digital SLR camera. 55 mm lens, ISO 100, use the 

electronic flash to record bones in laboratory settings [Buikstra, 1994]. 

4. Porosity and area ratio are found by using image processing technique. 

5. Conduct the mathematic equation to estimate the age at death from 4. 

 



4 
 

CHAPTER 2 

Literature Review 

 

In 2003, Xiaodu Wang and their team conducted a study where they utilized low 

field pulsed nuclear magnetic resonance (NMR) to measure the porosity and pore size 

distribution in cortical bone [Wang, 2003]. They also applied this technique to detect age-

related changes. The efficacy of this technique was compared to data obtained from bone 

histomorphometry. The study involved collecting samples from 19 mid-diaphysis 

cadaver femurs ranging from 16 to 89 years of age, including 12 male and 7 female 

samples. A custom-built 0.5-40 MHz broadline NMR system was used for the 

measurements, followed by histomorphometry analysis. An image processing software 

called NIH image was utilized to determine the cross-sectional area of individual pores. 

The boundaries of each pore in the images were manually outlined using a drawing tool, 

and the threshold function was applied to remove background noise from the images (see 

figure 2.1). The cross-sectional area of individual pores was then determined to estimate 

pore size and a nominal pore size. The results (see figure 2.2) indicated that both NMR 

and histomorphometry measurements exhibited similar age-dependent changes in bone 

porosity. However, the porosity results obtained from NMR were greater than those from 

histomorphometry (see figure 2.2), with a relationship described by the equation Pohisto 

= 0.89PoNMR. The results showed that cortical porosity increased from approximately 

8% to 28% from young to elderly individuals. The discussion highlighted the applicability 

of the NMR technique in quantifying cortical porosity and pore size distribution, while 

also acknowledging certain limitations of the NMR technique. In histomorphometry 

measurements, errors may occur due to variations in pore orientations. 
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Figure 2.1 Histomorphometry determination of the porosity and pore size distribution in 

bone: (A and C) the photographic image of a bone cross-section, (B and D) the image 

after process [Wang, 2003]. 

 

Figure 2.2 Age-related changes and porosity determined by NMR and bone 

histomorphometry [Wang, 2003]. 
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In 2006, Carme Rissech and a team conducted a study on the acetabulum of adult 

males to estimate age at death [Rissech, 2006]. They analyzed 242 male individuals 

ranging in age from 16 to 96 years old, using only the left os coxa. The study focused on 

the examination of the acetabular region, specifically seven variables including acetabular 

rim shape, apex activity, and activity of the acetabular fossa. One of the variables studied 

was the porosities of the acetabular fossa, which were categorized into seven states 

represented by codes 0 to 6. 

The states of porosities were described as follows: 

Code 0: dense acetabular fossa 

Code 1: acetabular fossa with microporosities 

Code 2: microporosities or peripheral trabecular bone 

Code 3: macroporosities on the three lobes 

Code 4: macroporosities with destruction 

Code 5: bone destruction on most of the fossa 

Code 6: bone proliferation 

To determine the state of each acetabular fossa, a close morphological 

examination was conducted and the results were correlated with the age at death using 

box plots (refer to Figure 2.3). The study provided information on the number of 

specimens, mean, and variance for each state of porosity. Based on the analysis of seven 

age indicators, the study found that age at death for male specimens could be estimated 

with an accuracy of 89% in a 10-year interval or 67% in a 5-year interval. The results 

were also compared to other research studies. It is important to note that the study only 

included the left os coxa of male individuals, with no inclusion of the right os coxa or 

female individuals. Additionally, the porosities variable was determined through a close 

morphological examination of the acetabulum. The presented results are based on 

observations made during the examination. To evaluate the consistency of the 

observations, both intra- and interobserver consistencies were quantified. The 
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appropriateness of the variables and their correlation with age were further examined 

using the Kruskal-Wallis and Kendal range tests. 

 

Figure 2.3 Box plot of age relate to porosities of the acetabular fossa at each state 

[Rissech, 2006]. 

In 2009, Stefano Benazzi and a team conducted a study on the sacral base to 

improve sex assessment through image processing techniques [Benazzi, 2009]. The study 

included samples with an age range of 19 to 70 years old, comprising a total of 114 sacra, 

with 57 from males and 57 from females. The sacra were obtained from two different 

Italian populations: Bologna, northern Italy (76 sacra), and Sassari, Sardinia (38 sacra). 

Photographs of the sacra were taken using a 4.0 megapixels digital camera, fixed at a 

distance of 300 mm without using zoom. To ensure accurate measurements, a technical 

drawing software called AutoCAD LT 2.0 was used to create a grid of analogous 

dimensions. Four metric data points were collected for analysis, including the maximum 

transverse diameter (m.t.d.), maximum superior breadth (m.s.b.), area of the upper face, 

and perimeter of the body. The values of m.t.d. and m.s.b. were compared with the 200 

mm Mitutoyo digimatic absolute caliper to assess measurement accuracy. Discriminant 
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analysis was performed using SPSS version 11.5 to analyze the data. Initially, the data 

from the two different populations were considered separately, and then both intra- and 

inter-population comparisons were made. The results demonstrated a sex prediction 

success rate of 88.3%. Additionally, the sex diagnoses determined through the proposed 

method were compared with those made using the traditional anthropological method, 

which relies on sexual traits of the skull and pelvis. The discriminant function produced 

concordant results with the traditional method in 10 out of 12 cases (83.3%). In the 

discussion, the authors clarified that the proposed method is not intended to replace the 

traditional anthropological procedures based on sexual traits of the skull and pelvis. 

Rather, it serves as an additional tool that can be used in conjunction with the traditional 

approach to enhance sex assessment accuracy. 

 

Figure 2.4 Reference system in which the sacrum is positioned (left). 

Example of the profile of the sacral base, with the four variables (right). [Benazzi, 2009] 

In 2013, William D. Martin III and their team study about Using image analysis 

to measure the porosity distribution of a porous pavement [Martin III, 2013]. Their study 

was talked about A method was developed and assessed for determining the distribution 

of porosity across a porous pavement sample using image analysis. The measured average 

porosity obtained through this method showed favorable comparisons with other porosity 

measurement techniques, including two volumetric-based methods and the ASTM D7063 

standard, which employs a vacuum sealing device. The study also examined the impact 
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of the representative elemental area (REA), defined as the minimum pavement cross-

sectional area required for a statistically significant measure of porosity. Experimentally, 

the REA was determined to be 83.9 cm² (13 in²) for various gradations of porous 

pavements, specifically ASTM standard gradations No. 89, No. 78, No. 7, and No. 67. 

While the method is capable of measuring one-dimensional porosity distribution in 

different orientations (vertical, horizontal, or radial in cylinders), this research focused on 

its application to vertical porosity distributions. The image analysis results and REA were 

used to create a smoothed profile of the porosity distribution, revealing that in a porous 

pavement sample compacted in a single lift, porosity is highest at the surface due to 

surface texture, decreases sharply to a minimum at a depth of approximately 2–3 cm (1 

in), and then increases linearly until about two centimeters from the bottom, where it rises 

sharply due to wall effects. This porosity distribution aligns with previously proposed 

distributions. 

 

Figure 2.5 Scanned and cleaned image of the core (pores are shown as black) 

(left). Relationship between REA and porosity (right). [Martin III, 2013] 

In 2013, Venara, A. and their team studied about estimation of skeletal age at 

death in adults using the acetabulum and the auricular surface [Venara, 2013]. The study 

was conducted on 210 bones (108 male and 102 female) from the Terry Collection. Two 

observers, one a novice and the other experienced with the technique, analyzed the bones. 

Age estimation was based on the method described by Rougé-Maillart et al., focusing on 

the auricular surface and acetabulum. Intra- and inter-observer correlations were 
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conducted to assess the reliability and reproducibility of this technique in the overall 

population, followed by an analysis of subjects over 50 years of age. For both observers, 

the data showed a moderate to strong correlation between the estimated scores and actual 

ages (overall correlations of 0.648 and 0.773) in the general population. The consistency 

between the observers’ results improved when total scores were used. However, the inter-

observer correlation was lower than in the previous study, as some criteria were more 

challenging for the novice observer to classify. For subjects over 50, the results were less 

reliable than anticipated, with greater inter-observer variability compared to the general 

population. This study confirms the reproducibility and effectiveness of the method. 

However, certain criteria require redefinition, and others may need to be weighted 

differently. Additionally, a modification to the Bayesian approach, including adjustments 

to the intervals, should be considered. 

 

Figure 2.6 Box plot of the actual age of subjects according to overall score (left). Scatter 

graph showing distribution of scores for subjects aged over 50 (right). [Venara, 2013] 

In 2015, M. Cieszko, and their team conducted a study on bone porosity using 

histograms of 3D µCT images [Cieszko, 2015]. The aim of the study was to present a 

new method for determining bone porosity and the global image segmentation threshold. 

Two area samples from the same CT image were selected, and information from the 

normed histogram was obtained from the CT scan. The results obtained from this new 

method were compared with the standard method and Otsu's method. The new method 
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first determined the bone porosity from the histogram of the 3D µCT image. Then, the 

binarization threshold was calculated to produce a reconstructed binary image of the bone 

sample. Optimization methods from numerical mathematical computing were used to 

determine the porosity parameter and the density distribution parameters of pores. In 

order to optimize the implementation, the mathematical model of the histogram was 

matched with the histogram of the bone sample scan. The porosity parameter was then 

calculated using this optimization process, and the approximation error was obtained. 

Once the porosity parameter was obtained, the binarization threshold was immediately 

determined. The mathematic model results were presented in Figure 2.4, showing that the 

approximation error was lower as the voxel density increased. The porosities and 

binarization thresholds were given at a confidence level of 0.99. In comparison with the 

standard method and Otsu's method, the proposed method showed very close results for 

sample I, but the results were not clear for sample II. In sample I, the new method, 

standard method, and Otsu's method yielded porosity values of 89, 91, and 89, 

respectively. In sample II, the new method, standard method, and Otsu's method yielded 

porosity values of 47, 112, and 65, respectively. The lack of clarity in the results was 

attributed to the difficulties in establishing the position of the histogram's minimum. In 

order to achieve better precision, other macroscopic parameters such as tortuosity and 

permeability could also be identified. 

 

Figure 2.7 Histograms (circles) of sample I (a) and II (b) and their approximations (solid 

lines) [Cieszko, 2015]. 
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In 2017, Pandaree Khomkham and their team validated the evaluation methods 

introduced by Rissech [Rissech, 2006] for estimating the age at death in the Thai 

population [Khomkham, 2017]. The study utilized 48 Thai skeletal remains, consisting 

of 34 males and 14 females. The age range of the sample varied from 20 to 89 years at 

the time of death, with age intervals of 10 years. Age intervals for males were categorized 

from 20-29 years to 80-89 years, while age intervals for females started from 50-59 years 

to 80-89 years. The evaluation focused on both the left and right sides of the acetabulum, 

excluding any individuals with pathological bone diseases. The study specifically 

examined the seventh variable, which relates to the porosities of the acetabular fossa. To 

analyze the correlation between the actual age at death and the predicted age, the 

statistical method, Spearman's rho, was employed. The results indicated that there were 

no significant differences in evaluation scores between the left and right acetabulum, nor 

between male and female specimens. The correlation between evaluation scores and age 

at death in the Thai population showed a strong Spearman's rho score of r = 0.75 for right-

side male specimens. The study did not encounter intra and inter-observer errors, 

prompting suggestions for further research to enhance the validity and reliability of the 

findings. In conclusion, based on the study's results, five out of the seven variables 

identified by Rissech [Rissech, 2006] can be utilized to estimate the age at death in Thai 

dry bone acetabula. 

In 2017, Marta San-Millan and their team conducted a study on the shape 

variability of the acetabulum and acetabular fossa in adult humans, exploring their 

relationship with sex and age. The study aimed to provide implications for adult age 

estimation using geometric morphometrics [San-Millan, 2017]. A total of 682 individuals 

were analyzed, comprising 327 females and 355 males. To analyze the shape and size 

variation of the acetabulum and its fossa, a two-dimensional geometric morphometric 

analysis was performed, which also considered their association with sex and age. The 

photography technique used was discussed, with fixed positions and inclinations of both 

the camera and the acetabulum to ensure the acetabular rim remained parallel to the 

camera lens. The camera was consistently positioned 320 mm above the acetabular fossa. 

Landmarks and semi-landmarks were utilized to capture the shape of the lunate surface 

of the acetabulum, with the first and second landmarks located at the apex of the anterior 
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and posterior acetabular horns, respectively. The landmarks were identified using a 

clockwise orientation. A total of 2 bi-dimensional landmarks and 32 sliding semi-

landmarks were employed in the analysis. Age groups were divided into three categories: 

15-39 years old, 40-64 years old, and those over 65 years old. Each age group represented 

a range of approximately 25 years. The resulting shape visualization was presented in 

Figure 2.5, and p-values from pair-wise comparisons of acetabular shape across age 

groups were displayed in Table 2.1. These results were subsequently discussed and 

compared to previous studies. In conclusion, the study suggests that 3D shape-data would 

provide more accuracy than the 2D procedures employed in this research. 

Table 2.1 p-Values obtained from pair-wise comparisons of acetabular shape across age 

groups [San-Millan, 2017]. 

 Females 

15-39 

Females 

60-64 

Female 

>65 

 Males 

15-39 

Males 

40-64 

Males 

>65 

Females 15-39 

Females 40-64 

Females >65 

1.000 

0.005 

0.002 

 

1.000 

0.002 

 

 

1.000 

Males 15-39 

Males 40-64 

Males >65 

1.000 

0.019 

0.004 

 

1.000 

0.004 

 

 

1.000 
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Figure 2.8 PCA plot for visualizing shape variation among all female age groups [San-

Millan, 2017]. 

 In 2017, Nihat Acar and his team conducted a study on the variant configurations 

of the femoral head fovea capitis and their relation to age groups [Acar, 2017]. The study 

utilized 600 true pelvis anteroposterior radiographs. The patients, ranging from 20 to 80 

years old, were divided into three groups. The first group consisted of individuals aged 

20 to 39 years, with 100 males and 100 females. The second group consisted of 

individuals aged 40 to 59 years, with 100 males and 100 females. The third group 
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consisted of individuals aged 60 to 80 years, with 100 males and 100 females. The study 

introduced the fovea capitis index (FCI), which is the ratio of the fovea capitis diameter 

(FCD) to the femoral head diameter (FHD), expressed as a percentage (%), as shown in 

figure 2.6. The depth of each fovea capitis was also measured and recorded. The results 

of the study revealed that the average FCI value for both genders on both sides in the first 

group (age 20 to 39 years) was 26.08% ± 4.46%. In the second group (age 40 to 59 years), 

the average FCI value was 26.78% ± 4.93%. In the third group (age 60 to 80 years), the 

average FCI value was 28.93% ± 4.40%. The results indicated that the size of the fovea 

capitis increases with the aging process. Although there was no statistical significance 

between the first and second group, the FCI average value in the second group was larger 

than that of the first group. The third group had the highest FCI average value, showing 

a significant statistical difference compared to the first and second group's average values 

(P=0.016 and 0.032, respectively). A total of 1200 hip joints were analyzed in the study. 

Of these, 97% (1164 out of 1200 hip joints) had FCI values ranging between 18% and 

35%. Additionally, 95.75% (1149 out of 1200 hip joints) had fovea depths ranging 

between 2 mm and 4 mm. It was observed that the average FCI value of the left hip was 

larger than that of the right hip. 

 

Figure 2.9 Anteroposterior view of the left hip joint [Acar, 2017]. 
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In 2018, Yuan Li and their team conducted a study using pelvic x-ray images to 

develop a deep learning bone age assessment for forensic age estimation [Li, 2018]. A 

total of 1875 conventional pelvic anteroposterior radiography images were collected from 

subjects aged 10 to 25 years. Among the subjects, 1072 (57.2%) were females and 803 

(42.8%) were males. The radiography images were obtained from the West China 

Hospital of Sichuan University between January 2010 and March 2017. The deep learning 

system utilized a fine-tuned convolutional neural network (CNN) to automatically 

estimate the age, while the cubic regression model was used to calculate the bone age. 

Several statistical analyses, including Mann-Whitney U test, t-tests, and F tests, were 

performed. The CNN model's estimated bone age exhibited a mean absolute error (MAE) 

of 0.94 years and a root-mean-squared error (RMSE) of 1.30 years when compared to the 

actual chronological ages. The estimated bone ages generated by the CNN model showed 

a significant correlation (R2=0.9288) with the actual chronological ages. There were no 

statistically significant differences observed between the sexes (p=0.873). The CNN 

model's results were compared to the ground truth ages, resulting in an MAE of 0.91 years 

and an RMSE of 1.23 years. Furthermore, the cubic regression model's results were 

compared to the ground truth ages, yielding an MAE of 1.05 years and an RMSE of 1.61 

years. The errors obtained from the CNN model were lower than those of the cubic 

regression model. In conclusion, the CNN model effectively handles samples within the 

age range of 19-21 years, but not for ages over 22 years.  

In 2018, Andreas Bertsatos and his team studied about Morphological variation 

of the femoral head fovea capitis [Bertsatos, 2018]. The study was said about the fovea 

capitis femoris serves as the distal attachment site for the ligamentum teres femoris. While 

recent studies suggest that this ligament may play a role in providing mechanical stability 

to the hip joint, there is limited published research on the morphological variation of the 

fovea capitis femoris. This study examines the morphological variation of the fovea 

capitis femoris with respect to sex and age. Morphometric measurements were taken from 

both the left and right femurs of 212 individuals from the Athens skeletal collection. The 

fovea capitis femoris was photographed directly with a reference scale, and a polyline 

outlining its boundary edges was extracted. Two shape variables and three size variables 

of the fovea capitis femoris were calculated for morphological analysis. The results 
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indicated bilateral asymmetry in one size variable and one shape variable. Sexual 

dimorphism in the fovea capitis femoris is linked to size variables, while age-related 

changes are observed in its shape. Males generally have a larger fovea capitis area and 

greater maximum diameter, whereas older individuals tend to have a more irregular fovea 

capitis perimeter. However, the fovea capitis femoris cannot be reliably used for age 

estimation or sex determination in human skeletal remains. 

 

Figure 2.10 The fovea capitis femoris (FCF) photographed in face with a reference scale 

(left). The fovea capitis maximum diameter and the polyline outlining the boundary 

edges of the FCF (right). [Bertsatos, 2018] 

 In 2019, Tristan Whitmarsh and their team conducted a cross-sectional study on 

age-related cortical and trabecular bone changes in elderly females, specifically focusing 

on the femoral head [Whitmarsh, 2019]. The study included female patients aged 70 and 

above. A total of 37 femoral head specimens were scanned, and they were divided into 

three age groups. Group one consisted of individuals aged 70 to 79, with 6 scans. Group 

two consisted of individuals aged 80 to 89, with 22 scans. Group three consisted of 

individuals aged 90 to 99, with 9 scans. The specimens were acquired through micro-CT 

scans, and the average CT values were used to measure bone mineral density in mg/cm^3. 

Otsu's method, a clustering-based image thresholding technique, was used to differentiate 

bone and marrow volume pixels. The degree of anisotropy (DA) was also assessed, 

ranging from 0 to 1, where a DA value of 0 indicated isotropic bone and a DA value of 1 

indicated anisotropic trabecular bone. The study focused on the superior medial 

hemisphere of the femoral head. Statistical analyses, such as T-tests and the Shapiro-Wilk 
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test, were performed. The results showed a decrease in average trabecular bone mineral 

density (Tb, BMD) and cortical thickness (Ct.Th) between age groups two and three, but 

no significant difference was found between groups one and two. Additionally, there was 

no significant change in the degree of anisotropy (DA) across any age group. The study 

suggested that the population may have impaired functional adaptation since the femoral 

head specimens were collected from patients with hip fractures. In conclusion, age-related 

bone degradation continues throughout old age, but the distribution of bone does not 

change significantly. 

 In 2019, Arnab Kumar Pal and their team study about porosity estimation by 

digital image analysis [Kumar Pal, 2019]. The study said that porosity and permeability 

are critical rock properties that significantly influence decision-making during the 

planning and execution phases of petroleum exploration and development. With 

advancements in image analysis and processing techniques, Digital Image Analysis 

(DIA) has become increasingly important for pore structure analysis and characterization. 

In this study, both 2D and 3D image analysis techniques were employed using FESEM 

backscattered images to estimate porosity. Traditional porosity estimation methods rely 

on physical measurements that produce a single representative porosity value for the 

entire rock core sample. However, in reality, porosity varies from the micro to macro 

level, introducing substantial uncertainty in porosity estimation. Therefore, digital image 

analysis is seen as an alternative method, as it can capture both micro- and macro-pores 

in a rock sample. 

In this study, porosity was estimated by applying image thresholding to the 

backscattered electron microscope images obtained from rock core samples provided by 

KDMIPE, ONGC, from two different petroleum-producing basins. Carbonate core 

samples were sourced from the Bombay Offshore Basin, while sandstone core samples 

were obtained from the A&AA basin. Representative rock chips from each core sample 

were used to acquire BSE images through the FESEM technique. These images were 

processed and analyzed using ImageJ software to determine 2D porosity. A minimum of 

three images were stacked to calculate 3D porosity. 
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The porosity values derived through digital image analysis were compared with 

those obtained using a helium gas porosimeter. The 2D porosity values ranged from 

14.54% to 45.33% for carbonates and 3.90% to 35.56% for sandstones, while the 3D 

porosity values ranged from 7.80% to 9.89% for carbonates and 3.52% to 9.75% for 

sandstones. The 2D porosity values were found to be within the expected range, whereas 

the 3D porosity values were underestimated when compared to those obtained through 

conventional techniques. The study concludes that image analysis is a valuable tool for 

porosity estimation, revealing significant heterogeneity at the micro level. This 

heterogeneity requires further investigation to better understand its impact on reservoir 

quality. 

 

Figure 2.11 Image processing workflow employed. [Kumar Pal, 2019] 

In 2021, Ranjith Kumar Sundari and their team studied about age related 

anatomical changes in articular cartilage of femoral head in buffalo (bubalus bubalis) 

[Sundari, 2021]. They investigate the anatomical characteristics of the femoral head 

articular cartilage (AC) in twenty-four intact hip joints from apparently healthy buffaloes, 

obtained from the GHMC Abattoir in Hyderabad. The samples were categorized into four 

groups: Group I (prenatal), Group II (birth to 3 years), Group III (3 to 6 years), and Group 

IV (6 years and above). The morphological examination of the femoral head AC revealed 

that in the postnatal groups, the articular surface was covered by a strip of AC composed 

of hyaline cartilage adjacent to the subchondral bone. In contrast, during the prenatal 

stage, the entire proximal epiphysis of the femoral head consisted solely of hyaline 

cartilage, as the AC had not yet differentiated. In the postnatal groups (II, III, and IV), a 

layer of mature AC covered the hemispherical femoral head, blending peripherally with 

the epiphyseal cartilage. The thickness of the femoral head AC decreased slightly with 
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advancing age at various points on the articular surface, including the lateral surface, 

neck, and midpoint. Specifically, the thickness was 1.89 mm, 1.38 mm, and 1.49 mm in 

Group II, reducing to 1.64 mm, 1.37 mm, and 1.36 mm in Group IV, respectively. 

Additionally, as age progressed, the average length and width of the femoral head 

increased fivefold, from 2.83 cm and 2.43 cm in Group I (prenatal) to approximately 

10.77 cm and 9.43 cm in Group IV (postnatal) specimens. The AC surface of younger 

specimens appeared shiny pink when fresh, while older specimens showed signs of 

yellowish discoloration and exhibited indentations around the neck. 

 



21 
 

CHAPTER 3 

Methodology 

 

3.1 Introduction 

The assessment of bone age using digital image processing techniques begins with 

capturing images of the bone, focusing on specific areas of interest: the acetabulum and 

the femoral head. Both female and male bones, from both the left and right sides, are 

utilized in this process. The obtained images undergo digital image processing to 

determine the porosity and area ratio of the bone in the specified regions. Subsequently, 

statistical methods are employed to derive equations that relate these parameters to the 

actual known age of the bones. 

All images are captured using standardized imaging methods under lighting 

conditions that are as consistent as possible, to minimize variations in results that could 

arise from the imaging process. Although the imaging is conducted in a laboratory setting, 

careful consideration is given to ensure that the procedure closely resembles typical field 

conditions. This approach is intended to enable practitioners to smoothly apply these 

principles and procedures in their ongoing work. 

 

Figure 3.1 Captured image of acetabulum (left). Captured image of femoral head (right). 
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Figure 3.2 Work flow 

In the digital image processing procedure, color images of bones are first 

converted into grayscale images. The resulting bone images are then cropped to retain 

only the regions of interest, specifically the acetabulum or the femoral head. This 

cropping reduces the image size and processing requirements, thereby decreasing the 

overall processing time. In each image, two primary metrics are calculated: percent 

porosity and area ratio. Percent porosity refers to the ratio of pixels identified as porous 

to the total number of pixels. The area ratio represents the ratio of one region's area to 

another region's area. These metrics are then compared with the known age of the bone. 
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Figure 3.3 Cropped grayscale image of acetabulum (left). Cropped grayscale image of 

femoral head (right). 

Statistical methods are employed to derive the results. The data on percent 

porosity, area ratio, and bone age are subjected to statistical analysis to establish equations 

that relate these variables to the bone's age. Specifically, the equation A = f(P) is derived 

when age (A) is related to percent porosity (P), and A = f(R) is derived when age (A) is 

related to area ratio (R). Once these equations are obtained, they are tested using a new 

set of bone data, which will be conducted by external individuals. This testing aims to 

evaluate the results and determine the accuracy of the equations in practical application. 

3.2 Hip joint 

The hip joint serves as the connection between the pelvis and the upper leg, 

functioning as a ball-and-socket joint. In this joint, the socket is known as the acetabulum, 

while the ball is referred to as the femoral head. 

The acetabulum is a concave surface within the pelvis, acting as a cup or socket 

to support the femoral head of the upper leg. Within the acetabulum, there are several 

areas of interest. The particular focus is on the acetabular fossa, which is located inside 

the acetabulum. The porosity within the acetabular fossa, as well as the area ratio between 

the acetabular fossa and the entire acetabulum, are key areas of study. 
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Figure 3.4 Right os coxae and acetabulum (left). Right Femur and femoral head (right) 

[White, 2012].  

The femoral head is the uppermost part of the leg and articulates with the pelvis 

at the acetabulum to form the hip joint. The femoral head is a round, ball-like structure, 

and within it lies the fovea capitis. The porosity of the fovea capitis, along with the area 

ratio between the fovea capitis and the circular area of the femoral head, are also of 

particular interest. 

3.3 Sample 

The bone samples used for data collection were obtained from the Forensic 

Osteology Research Center (FORC) and were donated human remains. These bones had 

all soft tissues removed, leaving only the bone structure. Images of the hip joint, including 

both the acetabulum and femoral head on both the left and right sides, were captured from 

205 skeletons, resulting in approximately 800 images. The donations spanned from 2011 

to 2019, with donor ages ranging from 19 to 100 years. Upon reviewing the images, it 

was observed that many of the bones were not adequately cleaned, which could affect the 

pixel values and potentially lead to misinterpretations of porosity. Consequently, images 
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of bones that were not sufficiently clean were excluded, leaving a final dataset consisting 

of images from 167 skeletons, divided into 59 females aged 26 to 100 years and 108 males 

aged 26 to 97 years. 

 

Figure 3.5 Dirty bones. 

3.4 Recording images and photography 

The imaging of bone specimens has been examined in terms of the standards 

employed for capturing images. This investigation aims to determine the optimal imaging 

practices to ensure that the images adhere to standardized quality. To achieve consistency, 

it is essential that all images be captured under identical environmental conditions, 

thereby ensuring uniformity in the imaging results. This approach minimizes 

discrepancies due to variations in the imaging process itself, ensuring that any observed 

deviations in the results are attributable to the bone specimens rather than the imaging 

procedure. This is crucial for maintaining accuracy and reliability in subsequent steps of 

the process. 

In 1994, Jane E. Buikstra and Douglas H. Ubelaker developed the "Standards for 

Data Collection from Human Skeletal Remains," derived from the proceedings of a 

seminar held at the Field Museum of Natural History. These standards address the 

recording of images and photography, specifying that systematically captured black-and-

white photographs should serve as the primary record. Black-and-white negative films 

are noted for their long-term stability if stored under optimal conditions, specifically at 

temperatures below 20 degrees Celsius and 30% humidity. In contrast, color slides are 

subject to deterioration over time and should be replaced every 10 years. The standards 
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also provide detailed guidance on photographic equipment and techniques for 

documenting both unburned bones and cremated remains. 

For photographing unburned bones, 35 mm single-lens reflex (SLR) cameras are 

widely utilized. A 55 mm lens with macro close-up capabilities generally yields 

satisfactory results, while a 105 mm lens with similar macro close-up features is also 

recommended. The systematic photography discussed here should employ black-and-

white film with an ISO rating of 80 to 125. Color photography may be used for illustrative 

purposes in presentations, but should be adapted to the lighting conditions. Incandescent 

and fluorescent lighting can cause color distortion; therefore, electronic flash is generally 

recommended for photographing bones in the laboratory. When using color photography, 

placing the bones against a black background enhances color accuracy and minimizes 

shadows. 

Building upon the aforementioned color photography standards, these principles 

were adapted to establish a standardized approach for photographing bones for sample 

collection in this research. A single-lens reflex digital camera was used, initially with a 

55 mm lens. However, since all cameras have a minimum focus distance of 50 

centimeters—referring to the distance between the subject and the camera's sensor 

plane—the use of the 55 mm lens resulted in images that captured only a small portion of 

the bone, specifically the acetabulum, which is a very small structure. Enlarging these 

images from the original would lead to significant pixel distortion and an altered pixel 

ratio, resulting in highly inaccurate outcomes. Therefore, a 105 mm lens was used instead, 

which allowed for full and accurate capture of the acetabulum within the frame. The ISO 

setting for the photography was maintained at 100, as per the established standard. 

An electronic flash was employed in conjunction with ambient lighting to 

minimize shadows and reduce color distortion. The use of flash does not alter the results; 

while it may brighten the image, the camera and flash exposure measurements are still 

calibrated according to the 18% gray scale standard, which is a general photography 

standard and not one from image processing techniques. The porosity ratio was calculated 

based on the pixel ratio of porosity to bone tissue. Thus, any increase in brightness due to 



27 
 

the flash would affect both the porosity pixels and the bone tissue pixels equally, ensuring 

that the porosity ratio remains unchanged. 

For the photography setup in the laboratory, the camera was mounted on a tripod, 

and a shutter release cable was used to minimize camera shake. When using an electronic 

flash, the camera's shutter speed was set to 1/60 of a second, which is fast enough to 

prevent motion blur. The aperture was set to f/16 to ensure that the entire image remains 

sharp. The bones were positioned at a sufficient distance from the camera to fully capture 

the acetabulum within the frame, with the distance always exceeding 50 centimeters. The 

camera was aligned so that its plane was parallel to the plane of the acetabulum. 

Photographs were taken of the acetabulum and femoral head on both the left and right 

sides, resulting in a total of four images per skeleton. 

 

Figure 3.6 Acetabulum photo (left). Femoral head photo (right). 

3.5 Digital image processing 

Digital images of the bone will be processed using image processing techniques 

to achieve the desired outcomes. The final outputs of the digital image processing will 

include the total number of pixels, the number of pixels within the region of interest, the 

mean pixel value, the standard deviation of pixel values, and the number of pixels with 

values below the threshold. These results will then be subjected to further statistical 

analysis. 

The process of image processing begins with cropping out the extraneous parts of 

the image, retaining only the area of interest, specifically the acetabulum and femoral 
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head. Standard cropping tools from image viewing software are utilized at this stage. 

Removing the unwanted portions reduces the image size, decreasing the number of pixels 

to be processed, which in turn minimizes processing resources and accelerates the 

processing time. Subsequently, the color image is converted into a grayscale image. This 

step involves transforming an RGB (red, green, blue) image into a grayscale one. The 

pixel values of the grayscale image range from 0 to 255, where a pixel value of 0 

represents black, while a value of 255 represents white. The values between 0 and 255 

represent varying shades of gray, progressing from dark to light. 

 

Figure 3.7 Grayscale image (left). Grayscale variation (right). 

The grayscale image of the acetabulum undergoes edge detection or segmentation 

processes to identify the acetabular margin. The region of interest (ROI) is defined using 

the acetabular margin as a boundary. The ROI is specifically designated to include only 

the acetabulum area, which is considered the foreground in this context. Conversely, the 

area outside the ROI, which lies beyond the acetabulum, is classified as the background. 

The pixel values within the background region, which are not of interest, can be altered 

to either black or white. 
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Figure 3.8 Edge detection and segmentation. 
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Figure 3.8 Edge detection and segmentation (Cont.). 

The acetabulum consists of two primary regions: the acetabular fossa and the 

lunate surface. The segmentation process is repeated to differentiate and separate these 

two areas. 

 

Figure 3.9 Acetabular fossa (left). Lunate surface (right). 

 The histogram of the acetabular fossa was generated. An image histogram is a 

graphical representation that depicts the distribution of pixel intensities in an image. The 

x-axis of the histogram represents pixel intensity values, ranging from 0 to 255, where 0 

corresponds to dark pixels and 255 to light pixels. The y-axis indicates the number of 



31 
 

pixels corresponding to each intensity value. A high peak in the histogram indicates a 

large number of pixels at a particular intensity value. A symmetric bell-shaped curve in 

the histogram suggests a normal distribution of pixel intensities. However, the histogram 

of the bone did not exhibit a normal distribution, as it did not display a symmetric bell 

curve. Statistical values, including the mean, standard deviation, maximum intensity, 

minimum intensity, number of pixels within the acetabular fossa, and total pixel count, 

were calculated. 

  

Figure 3.10 Histogram and statistic values. 

 After obtaining the statistical values from the histogram, the two primary variables 

required for analysis are the area ratio and percent porosity. The area ratio refers to the 

proportion of the acetabular fossa area relative to the total acetabulum area, which is 

calculated as the number of pixels representing the acetabular fossa divided by the total 

number of pixels. Percent porosity represents the porosity within the acetabular fossa 

area. It is determined by the ratio of pixels identified as porosity to the total pixels within 

the acetabular fossa. The mean and standard deviation derived from the histogram are 

used to define the porosity pixels. A threshold is established as the mean minus the 

standard deviation, and pixels with values below this threshold are classified as porosity 

pixels. The number of porosity pixels is then divided by the total number of acetabular 

fossa pixels to calculate the percent porosity. These two main variables, percent porosity 
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and area ratio, are then refined. Along with the exact age, these three variables are utilized 

to explore their interrelationships. 

 After processing the acetabulum, the femoral head was subjected to the same 

procedure. The same three primary variables—area ratio, percent porosity, and the exact 

age of the femoral head—were adjusted. The area ratio is defined as the ratio of the fovea 

capitis area to the femoral head area. Percent porosity is calculated as the ratio of porosity 

pixels within the fovea capitis to the total pixels of the fovea capitis. 

 

Figure 3.11 Femoral head and histogram. 

 Digital image processing techniques were applied to all images. Upon completion 

of the digital image processing, the variables—percent porosity, area ratio, and age—

were  

adjusted for both the acetabulum and femoral head. These three variables were then 

analyzed using statistical methods to explore their interrelationships. 

3.6 Statistics process 

 After obtaining the three main variables—percent porosity, area ratio, and age—

from image processing, their relationships were analyzed using statistical methods. The 

analysis is divided into two equations: one describing the relationship between percent 

porosity and age, and the other describing the relationship between area ratio and age. In 

this analysis, age is assumed to have a linear relationship with the other variables. 
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Regression analysis, F-tests, and ANOVA tables were employed to determine these 

relationships, with a significance level of α = 0.10, equivalent to a confidence level of 

90% (0.90). The use of statistics, specifically F-tests or ANOVA tables, serves to assess 

whether the variables x and y are related, where y represents bone age and x represents 

either percent porosity or area ratio. 

 The final outcome will yield a linear equation relating either percent porosity or 

area ratio to estimated age. The equation will take the form A = aP + b or A = aR + b, 

where A represents the estimated age, P is the percent porosity, and R is the area ratio. 

The coefficients a and b correspond to the linear equation's slope and intercept, 

respectively. Regression analysis, including the R2 value and the P-value, will be reported 

to indicate whether there is a statistically significant relationship between the variables x 

and y. 

The R2 value ranges from 0 to 1 (0 ≤ R2 ≤ 1), and it is interpreted as a percentage. 

Specifically, 100R2% of the variation in the dependent variable y can be explained by its 

linear relationship with the independent variable x. For instance, if R = 0.80 (or R2 = 

0.64), this indicates that 64% of the variation in y is due to its linear relationship with x. 

In simpler terms, the closer the R2 value is to 1, the better the equation fits the data. 

The P-value is used to report the relationship between the variables x and y by 

comparing it to the significance level. If the P-value is less than the significance level (α 

= 0.10), the null hypothesis is rejected, indicating that there is a statistically significant 

relationship between the variables x and y. 

3.7 Equation audit 

 After deriving the estimated age equations through statistical analysis, these 

equations undergo a validation process. Equations that establish a relationship between 

two parameters are subjected to external testing. An independent party will conduct these 

tests. A separate set of bone samples, which had been previously set aside, will be used 

for this validation. The 10 samples are allocated for each equation. This process serves to 

assess the practical applicability of the equations. The error values associated with each 
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equation will be determined. The results, along with the error metrics, will be compared 

to findings from previous research studies. 
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CHAPTER 4 

Results 

 

The analysis is conducted separately for each group, with results categorized by 

gender (female or male), anatomical region (acetabulum or femoral head), and side (left 

or right). The two primary outcomes assessed are percent porosity and area ratio. The 

results for each group are presented as follows. 

4.1 Solutions in each group 

4.1.1 Percent porosity and age 

 Acetabulum 
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Female acetabulum left side, the results of percent porosity and age have shown 

as figure and table below. Number of bone sample (observations) is 17. The relationship 

equation is A = 0.2316P + 67.072 which A is age and P is percent porosity. Regression 

(R2) = 0.0069. P-value is 0.7184.  

 

Figure 4.1 Percent porosity and age of female acetabulum left side. 

Table 4.1 Percent porosity and age of female acetabulum left side. 
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Female acetabulum right side, the results of percent porosity and age have shown 

as figure and table below. Number of bone sample (observations) is 23. The relationship 

equation is A = 0.7801P + 36.292 which A is age and P is percent porosity. Regression 

(R2) = 0.0336. P-value is 0.4022.  

 

Figure 4.2 Percent porosity and age of female acetabulum right side. 

Table 4.2 Percent porosity and age of female acetabulum right side. 
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Female acetabulum both sides, the results of percent porosity and age have shown 

as figure and table below. Number of bone sample (observations) is 40. The relationship 

equation is A = 0.5004P + 51.475 which A is age and P is percent porosity. Regression 

(R2) = 0.0160. P-value is 0.4361.  

 

Figure 4.3 Percent porosity and age of female acetabulum both sides. 

Table 4.3 Percent porosity and age of female acetabulum both sides. 
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Male acetabulum left side, the results of percent porosity and age have shown as 

figure and table below. Number of bone sample (observations) is 35. The relationship 

equation is A = 2.2776P – 25.2553 which A is age and P is percent porosity. Regression 

(R2) = 0.3317. P-value is 0.0003.  

 

Figure 4.4 Percent porosity and age of male acetabulum left side. 

Table 4.4 Percent porosity and age of male acetabulum left side. 
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Male acetabulum right side, the results of percent porosity and age have shown as 

figure and table below. Number of bone sample (observations) is 48. The relationship 

equation is A = 2.4259P – 35.2704 which A is age and P is percent porosity. Regression 

(R2) = 0.2118. P-value is 0.0010.  

 

Figure 4.5 Percent porosity and age of male acetabulum right side. 

Table 4.5 Percent porosity and age of male acetabulum right side. 
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Male acetabulum both sides, the results of percent porosity and age have shown 

as figure and table below. Number of bone sample (observations) is 83. The relationship 

equation is A = 2.2899P – 27.964 which A is age and P is percent porosity. Regression 

(R2) = 0.2442. P-value is 2.0612x10-6.  

 

Figure 4.6 Percent porosity and age of male acetabulum both sides. 

Table 4.6 Percent porosity and age of male acetabulum both sides. 
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Femoral head 

Female femoral head left side, the results of percent porosity and age have shown 

as figure and table below. Number of bone sample (observations) is 25. The relationship 

equation is A = 2.7106P - 50.054 which A is age and P is percent porosity. Regression 

(R2) = 0.0452. P-value is 0.3077.  

 

Figure 4.7 Percent porosity and age of female femoral head left side. 

Table 4.7 Percent porosity and age of female femoral head left side. 
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Female femoral head right side, the results of percent porosity and age have shown 

as figure and table below. Number of bone sample (observations) is 34. The relationship 

equation is A = 3.7040P – 91.5155 which A is age and P is percent porosity. Regression 

(R2) = 0.0746. P-value is 0.1180.  

 

Figure 4.8 Percent porosity and age of female femoral head right side. 

Table 4.8 Percent porosity and age of female femoral head right side. 
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Female femoral head both sides, the results of percent porosity and age have 

shown as figure and table below. Number of bone sample (observations) is 59. The 

relationship equation is A = 3.1768P – 69.4137 which A is age and P is percent porosity. 

Regression (R2) = 0.0585. P-value is 0.0648.  

 

Figure 4.9 Percent porosity and age of female femoral head both sides. 

Table 4.9 Percent porosity and age of female femoral head both sides. 
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Male femoral head left side, the results of percent porosity and age have shown as 

figure and table below. Number of bone sample (observations) is 49. The relationship 

equation is A = 3.1073P – 65.1583 which A is age and P is percent porosity. Regression 

(R2) = 0.0985. P-value is 0.0281.  

 

Figure 4.10 Percent porosity and age of male femoral head left side. 

Table 4.10 Percent porosity and age of male femoral head left side. 
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Male femoral head right side, the results of percent porosity and age have shown 

as figure and table below. Number of bone sample (observations) is 59. The relationship 

equation is A = 4.9079P – 138.2524 which A is age and P is percent porosity. Regression 

(R2) = 0.1118. P-value is 0.0096.  

 

Figure 4.11 Percent porosity and age of male femoral head right side. 

Table 4.11 Percent porosity and age of male femoral head right side. 
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Male femoral head both sides, the results of percent porosity and age have shown 

as figure and table below. Number of bone sample (observations) is 108. The relationship 

equation is A = 3.8652P – 95.6029 which A is age and P is percent porosity. Regression 

(R2) = 0.0972. P-value is 0.0010.  

 

Figure 4.12 Percent porosity and age of male femoral head both sides. 

Table 4.12 Percent porosity and age of male femoral head both sides. 

 

 



48 
 

4.1.2 Area ratio and age 

 Acetabulum 
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Female acetabulum left side, the results of area ratio and age have shown as figure 

and table below. Number of bone sample (observations) is 21. The relationship equation 

is A = -0.5687R + 94.4611 which A is age and R is area ratio. Regression (R2) = 0.0354. 

P-value is 0.4144.  

 

Figure 4.13 Area ratio and age of female acetabulum left side. 

Table 4.13 Area ratio and age of female acetabulum left side. 
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Female acetabulum left side, the results of area ratio and age have shown as figure 

and table below. Number of bone sample (observations) is 28. The relationship equation 

is A = -1.0374R + 104.5570 which A is age and R is area ratio. Regression (R2) = 0.0642. 

P-value is 0.1933.  

 

Figure 4.14 Area ratio and age of female acetabulum right side. 

Table 4.14 Area ratio and age of female acetabulum right side. 
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Female acetabulum both sides, the results of area ratio and age have shown as 

figure and table below. Number of bone sample (observations) is 49. The relationship 

equation is A = -0.8018R + 98.9409 which A is age and R is area ratio. Regression (R2) 

= 0.0473. P-value is 0.1331.  

 

Figure 4.15 Area ratio and age of female acetabulum both sides. 

Table 4.15 Area ratio and age of female acetabulum both sides. 
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Male acetabulum left side, the results of area ratio and age have shown as figure 

and table below. Number of bone sample (observations) is 44. The relationship equation 

is A = 0.1324R + 63.7569 which A is age and R is area ratio. Regression (R2) = 0.0033. 

P-value is 0.7124.  

 

Figure 4.16 Area ratio and age of male acetabulum left side. 

Table 4.16 Area ratio and age of male acetabulum left side. 
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Male acetabulum right side, the results of area ratio and age have shown as figure 

and table below. Number of bone sample (observations) is 57. The relationship equation 

is A = -0.6275R + 88.4590 which A is age and R is area ratio. Regression (R2) = 0.0306. 

P-value is 0.1928.  

 

Figure 4.17 Area ratio and age of male acetabulum right side. 

Table 4.17 Area ratio and age of male acetabulum right side. 
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Male acetabulum both sides, the results of area ratio and age have shown as figure 

and table below. Number of bone sample (observations) is 101. The relationship equation 

is A = -0.1373R + 72.2740 which A is age and R is area ratio. Regression (R2) = 0.0023. 

P-value is 0.6345.  

 

Figure 4.18 Area ratio and age of male acetabulum both sides. 

Table 4.18 Area ratio and age of male acetabulum both sides. 
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Femoral head 

Female femoral head left side, the results of area ratio and age have shown as 

figure and table below. Number of bone sample (observations) is 21. The relationship 

equation is A = 2.5970R + 28.8814 which A is age and R is area ratio. Regression (R2) = 

0.1877. P-value is 0.0497.  

 

Figure 4.19 Area ratio and age of female femoral head left side. 

Table 4.19 Area ratio and age of female femoral head left side. 
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Female femoral head right side, the results of area ratio and age have shown as 

figure and table below. Number of bone sample (observations) is 31. The relationship 

equation is A = 2.6049R + 33.7348 which A is age and R is area ratio. Regression (R2) = 

0.2023. P-value is 0.0111.  

 

Figure 4.20 Area ratio and age of female femoral head right side. 

Table 4.20 Area ratio and age of female femoral head right side. 
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Female femoral head both sides, the results of area ratio and age have shown as 

figure and table below. Number of bone sample (observations) is 52. The relationship 

equation is A = 2.4047R + 34.7602 which A is age and R is area ratio. Regression (R2) = 

0.1782. P-value is 0.0018.  

 

Figure 4.21 Area ratio and age of female femoral head both sides. 

Table 4.21 Area ratio and age of female femoral head both sides. 
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Male femoral head left side, the results of area ratio and age have shown as figure 

and table below. Number of bone sample (observations) is 48. The relationship equation 

is A = 0.9023R + 53.0514 which A is age and R is area ratio. Regression (R2) = 0.0794. 

P-value is 0.0524.  

 

Figure 4.22 Area ratio and age of male femoral head left side. 

Table 4.22 Area ratio and age of male femoral head left side. 
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Male femoral head right side, the results of area ratio and age have shown as figure 

and table below. Number of bone sample (observations) is 55. The relationship equation 

is A = 1.4185R + 47.3948 which A is age and R is area ratio. Regression (R2) = 0.1628. 

P-value is 0.0022.  

 

Figure 4.23 Area ratio and age of male femoral head right side. 

Table 4.23 Area ratio and age of male femoral head right side. 
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Male femoral head both sides, the results of area ratio and age have shown as 

figure and table below. Number of bone sample (observations) is 103. The relationship 

equation is A = 1.1710R + 50.0877 which A is age and R is area ratio. Regression (R2) = 

0.1197. P-value is 0.0003.  

 

Figure 4.24 Area ratio and age of male femoral head both sides. 

Table 4.24 Area ratio and age of male femoral head both sides. 
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4.2 Solutions of every group 

Table 4.25 Percent porosity and age relationship. 

 F/M Part L/R Sample Equation R2 P-value Relation 

1 F Ac L 17 A = 0.2316P + 67.072  0.0069 0.7184 Non-Relate 

2 F Ac R 23 A = 0.7801P + 36.292  0.0336 0.4022 Non-Relate 

3 F Ac B 40 A = 0.5004P + 51.475 0.0160 0.4361 Non-Relate 

4 M Ac L 35 A = 2.2776P – 25.2553 0.3317 0.0003 Relate 

5 M Ac R 48 A = 2.4259P – 35.2704 0.2118 0.0010 Relate 

6 M Ac B 83 A = 2.2899P – 27.964  0.2442 2.0612x10-6 Relate 

7 F Fh L 25 A = 2.7106P - 50.054  0.0452 0.3077 Non-Relate 

8 F Fh R 34 A = 3.7040P – 91.5155  0.0746 0.1180 Non-Relate 

9 F Fh B 59 A = 3.1768P – 69.413 0.0585 0.0648 Relate 

10 M Fh L 49 A = 3.1073P – 65.1583 0.0985 0.0281 Relate 

11 M Fh R 59 A = 4.9079P – 138.252 0.1118 0.0096 Relate 

12 M Fh B 108 A = 3.8652P – 95.6029  0.0972 0.0010 Relate 

  

Table 4.25 presents the results of the relationship between percent porosity and 

age across all sample groups. The abbreviations F/M, F, and M represent female and male, 

respectively. The terms Part, Ac, and Fh refer to the acetabulum and femoral head parts. 

The abbreviations L/R, L, R, and B indicate the left side, right side, and both sides, 

respectively. The column labeled "Sample" refers to the number of bone samples in each 

group. Equation A and P represent the estimated age and percent porosity, respectively. 

The R² value denotes the coefficient of determination, while the P-value is used to test 

the statistical significance of the relationship. A significance level (α) of 0.10 corresponds 

to a confidence level of 90%. A P-value less than 0.10 indicates a significant relationship 

between percent porosity and estimated age. 
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Table 4.26 Area ratio and age relationship. 

 F/M Part L/R Sample Equation R2 P-value Relation 

1 F Ac L 21 A = -0.5687R + 94.4611 0.0354 0.4144 Non-Relate 

2 F Ac R 28 A = -1.0374R + 104.5570  0.0642 0.1933 Non-Relate 

3 F Ac B 49 A = -0.8018R + 98.9409 0.0473 0.1331 Non-Relate 

4 M Ac L 44 A = 0.1324R + 63.7569  0.0033 0.7124 Non-Relate 

5 M Ac R 57 A = -0.6275R + 88.4590 0.0306 0.1928 Non-Relate 

6 M Ac B 101 A = -0.1373R + 72.2740  0.0023 0.6345 Non-Relate 

7 F Fh L 21 A = 2.5970R + 28.8814 0.1877 0.0497 Relate 

8 F Fh R 31 A = 2.6049R + 33.7348  0.2023 0.0111 Relate 

9 F Fh B 52 A = 2.4047R + 34.7602 0.1782 0.0018 Relate 

10 M Fh L 48 A = 0.9023R + 53.0514 0.0794 0.0524 Relate 

11 M Fh R 55 A = 1.4185R + 47.3948 0.1628 0.0022 Relate 

12 M Fh B 103 A = 1.1710R + 50.0877 0.1197 0.0003 Relate 

 

Table 4.26 presents the results of the relationship between area ratio and age 

across all sample groups. The abbreviations F/M, F, and M represent female and male, 

respectively. The terms Part, Ac, and Fh refer to the acetabulum and femoral head parts. 

The abbreviations L/R, L, R, and B indicate the left side, right side, and both sides, 

respectively. The column labeled "Sample" refers to the number of bone samples in each 

group. Equation A and R represent the estimated age and area ratio, respectively. The R² 

value denotes the coefficient of determination, while the P-value is used to test the 

statistical significance of the relationship. A significance level (α) of 0.10 corresponds to 

a confidence level of 90%. A P-value less than 0.10 indicates a significant relationship 

between percent porosity and estimated age. 

4.3 Solution of equations audit 

The relationship between percent porosity and age, as presented in Table 4.25, 

shows a correlation within the male group. This group includes the acetabulum and 

femoral head on both the left and right sides. The equations were validated using external 

subjects, with 10 test samples per group. The results are reported as average error, 

minimum error, and maximum error, with errors measured in years. M represent male. 
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Ac, and Fh refer to the acetabulum and femoral head parts. L and R indicate the left and 

right side. 

Table 4.27 Equations audit of percent porosity and age relationship. 

Group Relation Equation Ave error 

(year) 

Min error 

(year) 

Max error 

(year) 

M-Ac-L Relate A = 2.2776P - 25.2553 9 0 16 

M-Ac-R Relate A = 2.4259P - 35.2704 6 0 11 

M-Fh-L Relate A= 3.1073P - 65.1583 5 0 11 

M-Fh-R Relate A= 4.9079P - 138.2524 9 3 16 

The relationship between area ratio and age, as presented in Table 4.26, shows a 

correlation within the femoral head group. This group includes both female and male on 

both the left and right sides. The equations were validated using external subjects, with 

10 test samples per group. The results are reported as average error, minimum error, and 

maximum error, with errors measured in years. F and M represent female and male. Fh 

refer to the femoral head parts. L and R indicate the left and right side. 

Table 4.28 Equations audit of area ratio and age relationship. 

Group Relation Equation Ave error 

(year) 

Min error 

(year) 

Max error 

(year) 

F-Fh-L Relate A=2.597R+28.8814 17 0 36 

F-Fh-R Relate A=2.605R+33.7348 8 3 17 

M-Fh-L Relate A=0.902R+53.0514 11 3 15 

M-Fh-R Relate A=1.418R+47.3948 8 1 13 
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CHAPTER 5 

Conclusion and Suggestion 

 

The conclusion is divided into three sections: the relationship between percent 

porosity and age, the relationship between area ratio and age, and the evaluation of the 

equations. Suggestions will be discussed thereafter. 

Samples are captured from 167 skeletons, divided into 59 females aged 26 to 100 

years and 108 males aged 26 to 97 years. The skeleton donations spanned from 2011 to 

2019. 

The resulting equations are linear, such as the equation for the relationship 

between percent porosity and age: A = 2.2776P – 25.2553 where P represents percent 

porosity and A represents age. In applying this equation, bone images are used to 

determine the percent porosity (P), which is then substituted into the equation to estimate 

the age (A). Similarly, for the relationship between area ratio and age, the equation is A 

= 2.5970R + 28.8814, where R represents the area ratio. To apply this equation, bone 

images are used to calculate the area ratio (R), which is then used in the equation to 

estimate age (A). 

5.1 Percent porosity and age relationship 

 The relationship between percent porosity and age is presented in Table 4.25, with 

statistical analysis conducted at a significance level of α = 0.10, corresponding to a 90% 

confidence level. A statistically significant relationship between percent porosity and 

estimated age is observed only in the male group, as shown in Table 5.1. In contrast, no 

significant relationship is found in the female group, as indicated in Table 5.2. The 

relationship in the male group is evident in both the acetabulum and femoral head regions, 

as well as on both the left and right sides. However, the regression values (R²) are 

relatively low, ranging from 0.0972 to 0.3317. The number of samples in the male group 

is 83 for the acetabulum and 108 for the femoral head, while in the female group, the 

sample sizes are 40 and 59 for the acetabulum and femoral head, respectively. 
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Table 5.1 Percent porosity and age relationship. 

 F/M Part L/R Sample Equation R2 P-value Relation 

1 M Ac L 35 A = 2.2776P – 25.2553 0.3317 0.0003 Relate 

2 M Ac R 48 A = 2.4259P – 35.2704 0.2118 0.0010 Relate 

3 M Ac B 83 A = 2.2899P – 27.964  0.2442 2.0612x10-6 Relate 

4 M Fh L 49 A = 3.1073P – 65.1583 0.0985 0.0281 Relate 

5 M Fh R 59 A = 4.9079P – 138.252 0.1118 0.0096 Relate 

6 M Fh B 108 A = 3.8652P – 95.6029  0.0972 0.0010 Relate 

 

Table 5.2 Percent porosity and age non-relationship. 

 F/M Part L/R Sample Equation R2 P-value Relation 

1 F Ac L 17 A = 0.2316P + 67.072  0.0069 0.7184 Non-Relate 

2 F Ac R 23 A = 0.7801P + 36.292  0.0336 0.4022 Non-Relate 

3 F Ac B 40 A = 0.5004P + 51.475 0.0160 0.4361 Non-Relate 

7 F Fh L 25 A = 2.7106P - 50.054  0.0452 0.3077 Non-Relate 

8 F Fh R 34 A = 3.7040P – 91.5155  0.0746 0.1180 Non-Relate 

9 F Fh B 59 A = 3.1768P – 69.413 0.0585 0.0648 Relate 

 

5.2 Area ratio and age relationship 

The relationship between area ratio and age is presented in Table 4.26, with 

statistical analysis conducted at a significance level of α = 0.10, corresponding to a 90% 

confidence level. A statistically significant relationship between area ratio and estimated 

age is observed only in the femoral head, as shown in Table 5.3. In contrast, no significant 

relationship is found in the acetabulum, as indicated in Table 5.4. The relationship in the 

femoral head group is evident in both female and male, as well as on both the left and 

right sides. However, the regression values (R²) are relatively low, ranging from 0.0794 

to 0.2023. 
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Table 5.3 Area ratio and age relationship. 

 F/M Part L/R Sample Equation R2 P-value Relation 

1 F Fh L 21 A = 2.5970R + 28.8814 0.1877 0.0497 Relate 

2 F Fh R 31 A = 2.6049R + 33.7348  0.2023 0.0111 Relate 

3 F Fh B 52 A = 2.4047R + 34.7602 0.1782 0.0018 Relate 

4 M Fh L 48 A = 0.9023R + 53.0514 0.0794 0.0524 Relate 

5 M Fh R 55 A = 1.4185R + 47.3948 0.1628 0.0022 Relate 

6 M Fh B 103 A = 1.1710R + 50.0877 0.1197 0.0003 Relate 

 

Table 5.4 Area ratio and age non-relationship. 

 F/M Part L/R Sample Equation R2 P-value Relation 

1 F Ac L 21 A = -0.5687R + 94.4611 0.0354 0.4144 Non-Relate 

2 F Ac R 28 A = -1.0374R + 104.5570  0.0642 0.1933 Non-Relate 

3 F Ac B 49 A = -0.8018R + 98.9409 0.0473 0.1331 Non-Relate 

4 M Ac L 44 A = 0.1324R + 63.7569  0.0033 0.7124 Non-Relate 

5 M Ac R 57 A = -0.6275R + 88.4590 0.0306 0.1928 Non-Relate 

6 M Ac B 101 A = -0.1373R + 72.2740  0.0023 0.6345 Non-Relate 

 

5.3 Solution of equations audit 

The evaluation of equations relating percent porosity to age is presented in Table 

4.27. The errors range from 0 to 16 years, with average errors ranging from 5 to 9 years. 

The evaluation of equations relating area ratio to age is shown in Table 4.28, with errors 

ranging from 0 to 36 years and average errors ranging from 8 to 17 years. 

5.4 Suggestion 

 The hip joint, especially the acetabulum, is particularly well-suited for 

examination in ancient and forensic remains because, as part of the central area of the os 

coxa, it is one of the most well-preserved skeletal elements [Rissech, 2006]. Beyond the 

acetabular fossa, other regions can also be analyzed. Several variables, including the 

shape of each area, are of interest, not just porosity. 
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 The bone samples used in this study were obtained from body donations made 

between 2011 and 2019, and are therefore relatively old. If more recent bone donations 

could be acquired, the resulting relationship equations would be more current. Younger 

bone donors are difficult to find, which is why the bones used in this research are from 

individuals aged 30 years and older. Most donors passed away due to illness, which has 

led to reduced bone strength in many cases. A significant challenge is the cleanliness of 

the bones, as it directly affects pixel values, leading to potential inaccuracies. However, 

we are unable to clean the bones, as doing so could alter police evidence. 

 The acetabulum has a cup-like shape, while the femoral head is spherical. Imaging 

involves transforming the three-dimensional structure of the bone into a two-dimensional 

image. The camera plane should be aligned with the plane of the acetabulum during 

imaging. The first error arises at this point. Errors accumulate at each stage, leading to a 

progressive increase in overall error. The lighting conditions during imaging have 

minimal impact on error because the calculations are based on the ratio of porous area to 

the total area. An electronic flash was used to control the lighting conditions. The use of 

an electronic flash also allowed for a higher shutter speed, reducing camera shake and 

image blur. 

 The use of image processing techniques for image analysis involves multiple 

steps. If errors occur at each stage, they can accumulate. To minimize this accumulated 

error, it is crucial to design the image processing workflow appropriately. Initially, the 

goal was to automatically separate the acetabular fossa from the acetabulum area. 

However, not all bones were intact or clearly demarcated. Figure 5.1 (left) shows an 

acetabular fossa that is clearly separated from the lunate surface, while Figure 5.1 (right) 

illustrates an acetabular fossa where half of the edge is continuous with the lunate surface. 

As a result, manual selection of the region of interest (ROI) was employed. 
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Figure 5.1 Clear acetabular fossa (left), Unclear acetabular fossa (right). 

 Most of the bones used in this study were donated by individuals who passed away 

due to illness. Human bones exhibit significant variability, even among individuals of the 

same age. As a result, the statistical outcomes yielded very low regression values, as 

shown in Tables 4.25 and 4.26. The quality of female bones differs from that of male 

bones, which may partly explain the lack of a significant relationship between percent 

porosity and estimated age in the female group. The male sample size was nearly double 

that of the female group, with 83 samples for the acetabulum and 108 for the femoral 

head in the male group, compared to 40 and 59 samples for the acetabulum and femoral 

head in the female group, respectively. Increasing the number of female samples might 

enhance the strength of the observed relationships. 

 As shown in Table 5.1, there is a relationship between percent porosity and 

estimated age in males, but the regression values are very low. No such relationship is 

observed in females. Khomkham (2017) reported statistically significant correlations with 

age at death: the left side of the acetabular groove in females (r = 0.61), acetabular rim 

porosity (r = 0.59), and apex activity score in the left-side male acetabulum (r = 0.62) 

[Khomkham, 2017]. However, no significant correlation was found between the porosity 

of the acetabular fossa and age at death in Khomkham’s study. The findings of this 

research align with Khomkham’s results. Rissech (2006) demonstrated 89% accuracy in 
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10-year intervals, while the results of this study show errors ranging from 0 to 16 years, 

based on equations with a 90% confidence level. 

The results indicate a correlation between bone porosity and age in males, but no 

such correlation was observed in females, both in the acetabulum and femoral head 

regions. Females exhibited greater variability in bone porosity compared to males, likely 

due to significant hormonal differences between the sexes. Additionally, the menstrual 

cycle in females may contribute to this variability in bone porosity. 

In examining the association between area ratio and age, no statistically 

significant correlation was identified within the acetabulum, irrespective of sex or 

laterality. All p-values for comparisons in the acetabulum were greater than 0.10. San-

Millan (2017) reported that both sex and age significantly influence variations in 

acetabular shape, with age-related changes evident in the acetabular structure of both 

sexes. These modifications are thought to be linked to bone formation associated with 

aging, impacting the entire margin of the lunate surface [San-Millan, 2017]. The findings 

of this study contrast with those of San-Millan. However, methodological differences 

between the studies should be noted. This study assessed the area ratio of the acetabular 

fossa relative to the acetabulum, whereas San-Millan’s research concentrated on the shape 

of the acetabular fossa. 
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