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 Abstract 
 

It is estimated that between 10,000 and 20,000 new patients present with 

avascular necrosis of the femoral head each year in the United States. The current 

treatment for avascular necrosis is femoral head core decompression which is used to 

decrease the intraosseous pressure and promote vascular tissue ingrowth. There are two 

common techniques of core decompression that show similar clinical success. The 

objective of this study is to assess the difference in femoral neck strength between the 

single large bore core decompression and multiple small bore core decompression 

techniques. 

  The two techniques will be compared through mechanical testing of matched 

pairs of cadaveric femurs. This study presents 12 matched pairs of proximal femur 

samples. This contains seven females and five males, ranging in age from 50 to 92 years 

old with a mean age of 76 years old. Differences in peak load, fracture energy, neck loads 

and moments, and estimated peak stress will be compared between groups. Key 

predictive properties such as bone mineral density and geometry of the femoral neck 

were also used to help normalize the data.  

The results from these studies suggest that there is a significant difference in 

strength of the femoral neck between the two techniques. There is approximately 10% 

gain in strength going from the single large bore technique to the multiple small bore 

technique. This may affect the post surgical management and rehabilitation of a patient 

possibly allowing for a shorter recovery time. This information may also be beneficial to 

develop a more effective procedure that reduces risk of proximal femur fracture post-

surgery. 
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Chapter 1: Introduction 
 
ANATOMY AND STRUCTURE OF THE PROXIMAL FEMUR 

The femur is the longest and strongest bone in the human skeleton [1]. It is 

responsible for supporting a large portion of an individual’s body weight both in static 

loading such as standing and dynamic loading seen in activities such as running, jumping, 

or falling. The loading on the femur is a result of joint contact forces in the hip and knee 

from ground reaction force on the foot and the forces caused by inertia and gravity. The 

joint contact forces are also influenced by the active muscle forces that provide motion to 

the joint. For instance, to produce a joint moment there is always a pulling force (tensile 

force) produced by the acting muscle and a pushing force (compressive force) provided 

by the bone through the joint contact surface that act simultaneously to create a moment 

about a joint center. The femur acts against the compressive force which involved in hip 

stabilization and movement.  

The proximal femur is composed of several important structures including the 

head, neck, greater trochanter, and lesser trochanter [1]. The head is the most proximal 

feature of the femur. It is hemispherical in shape and has a smooth cartilage surface for 

articulation within the acetabulum. The head is supported by the neck of the femur which 

protrudes laterally and inferiorly down from the head to connect to the body of the femur 

[1]. The greater trochanter is an irregularly shaped prominence that extends superiorly off 

of the body of the femur from the junction of the neck and body. The greater trochanter 

serves as an insertion point for several tendons including the glutaeus medius, glutaeus 

minimus, obturator externus, obturator internus, gemelli, and piriformis. It also serves as 

the origin of the vastus lateralis. The lesser trochanter is a conical prominence that 
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projects from the distal and medial portion of the neck at its base and serves as an 

insertion point for the psoas major tendon [1]. These external features can be seen below 

in Figure 1. 

 

Figure 1: Anatomy of the Proximal Human Femur [1] 

The inner structure of the femur is supported through porous trabecular bone. The 

inner architecture of the trabecular bone in the proximal femur is formed such that it 

provides the most efficient management of stress and load bearing from the femoral head 

through the neck of the femur to the shaft of the femur [2]. The structure maximizes the 

volume of trabecular bone while minimizing the stress within the constraints of the outer 

cortex of the head, neck, and greater trochanter. There are four major groupings of 

aligned trabecular bone that help to support weight bearing which include the primary 

and secondary compressive and tensile groups [1]. These groups help to transmit the off 
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axis loading of the head of the femur down into the shaft of the femur. The stress lines in 

the femur due to load seen during standing can be viewed below in Figure 2. 

 

Figure 2: Lines of stress within the proximal femur with respect to normal weight 
bearing [3] 

AVASCULAR NECROSIS 

 Avascular necrosis (AVN) also known as osteonecrosis (ON) of the femoral head 

or neck is a characterized by an area of necrotic trabecular bone and bone marrow which 

includes the subchondral plate. This area is typically located in the anterolateral region of 

the femoral head [4, 5]. Avascular necrosis typically affects patients between the ages of 

thirty and fifty years old with a mean age of thirty-eight years old. Twenty percent of 

patients with AVN are over the age of fifty [4]. It is estimated that between 10,000 and 
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20,000 new patients present with AVN of the femoral head each year in the United States 

[4, 6, 7]. 

 Circulatory damage can happen in five vascular areas near or within the head of 

the femur which include the arterial extraosseous, arterial intraosseous, venous 

intraosseous, venous extraosseous, and extravascular extrosseous [8]. The disruption of 

circulation to the femoral head as the result of a traumatic injury such as a femoral neck 

fracture has been identified to be the leading factor in post-traumatic AVN [4, 8, 9]. 

Several non-traumatic causes of AVN are thought to be the use of corticosteroids, alcohol 

consumption, sickle-cell anemia, Gaucher disease, Myeloproliferative disorders, 

Coagulation deficiencies, chronic pancreatitis, caisson disease, smoking, organ 

transplantation, arterial disease, intramedullary hemorrhages, and radiation exposure [4, 

8].  

 AVN has a multifactorial heterogenous group of disorders that group together to 

cause a lack of circulation and eventual mechanical failure [4]. The mechanism of 

mechanical failure of the femoral head from AVN is the accumulation of micro stress 

fractures within the necrotic trabeculae that are not repaired due to the lack of circulation 

[4]. If the progression of AVN cannot be reversed, corrective surgery will be needed 

resulting in a total hip arthoplasty. Between 5 and 12 percent of joint prosthesis surgeries 

are performed to treat AVN [4]. Patients who are affected by AVN typically have several 

decades of life left. Current joint replacements are unlikely to last for this amount of time. 

Therefore, an alternative corrective surgery is necessary to delay or eliminate the need for 

a total hip replacement.  
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 Several systems exist for classifying the progression of AVN of the femoral head, 

however the first and most common is the system known as the Arlet-Ficat staging 

system [8, 10]. The system contains four stages of progression and uses x-ray or CT for 

diagnosis (Figure 3). The first stage, does not show changes to the bone on film, however 

there is suspicious clinical symptoms. The following three stages show increasing 

amounts of remodeling and degradation and collapse of the femoral head and 

acetabulum. Current classifications such as the “International Classification of 

Osteonecrosis of the Femoral Head” [4, 8] take into account both CT and MRI images 

and can detect signs of AVN earlier than the Arlet-Ficat staging system [8]. 

 Stage I  Stage II  Stage III  Stage IV 

Figure 3: Arlet-Ficat stages of femoral head avascular necrosis [8] 

  

The principle therapeutic options for preserving joint function include head-

preserving procedures such as joint unloading, femoral head core decompression, electric 

stimulation, osteotomy, and bone grafting. Joint reconstruction is also an option, these 

procedures include cup arthoplasty, hemi-resurfacing, total hip resurfacing, femoral head 

replacement, femoral head endoprosthesis, and total hip arthroplasty [9].  
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FEMORAL HEAD AND NECK CORE DECOMPRESSION 

 Femoral head core decompression (FHCD) was first used as part of the diagnostic 

protocol where a core sample was removed from the femoral head to conduct histologic 

studies [4, 8]. However, patients who underwent this procedure were observed to benefit 

from reduced pain. This was thought to be due to the relieving of intraosseous pressure in 

the femoral head [8, 11]. The current benefits of femoral head core decompression 

include the following: decompression of the diseased necrotic area of the femoral head,  

decrease in the intraosseous pressure, improvement of the vascular tissue ingrowth, 

improvement in blood flow, and prevention in the spread of infarction [12]. 

 Traditionally, core decompression is achieved by using a large bore trephine of 

8mm-10mm in diameter and milling out a single bore along the neck axis starting from 

the subtrochantaric region up into the necrotic area in the head. Core decompression has 

proven to be a safe and effective procedure for treating femoral head avascular necrosis 

in its early stages [13]. Soohoo et al. has demonstrated that core decompression has a 

large potential to be a highly cost-effective alternative if it can delay the need for a total 

hip arthroplasty for 5 years or longer [14].   Recently a new technique has been 

introduced by Kim et al, where the reductions of intraosseous pressure is attained by 

multiple bores of a small diameter trephine [11, 15]. A similar decompression technique 

has been proposed that involves multiple small drillings using 3mm Steinman pins [11]. 

This drilling can be done in such a way that the paths are parallel each with its own entry 

point, or angled paths starting from a common entry hole. This is thought to reduce the 

rate of complications and morbidity from the original technique. 
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 Song et al. retrospectively reviewed the effectiveness of multiple drilling core 

decompression on 136 patients with non-traumatic osteonecrosis of the femoral head and 

found that 79% of stage I diseases and 77% of stage II diseases did not require follow up 

surgery after five years [16]. When comparing the traditional core decompression 

technique with the modern multiple small bore core decompression technique there is a 

decrease in proportion of patients that undergo additional surgeries and an increase in 

radiographic success [13].  Marker et al. found that the multiple small diameter FHCD 

technique compares similarly to other modern studies of FHCD between the years of 

1992-2007, where the rate of additional surgery is 32% to 29% and the rate of 

radiographic failure is 34% to 37% respectively [13]. 

   

RESEARCH GOALS 

Although there has been a large amount of research done to evaluate the clinical 

success of femoral head core decompression, there have not been any mechanical studies 

to determine the strength of the proximal femur due to the procedure. It has also been 

proven that clinically speaking the modern multiple small bore FHCD technique is as 

effective or more effective in treating AVN as the traditional single large bore technique 

[11-13, 15]. There are also claims that the modern technique has a lower rate of structural 

failure [12]. Structural strength biomechanical testing is necessary to compare the 

mechanical performance of each FHCD technique. 

 This research will focus on the biomechanical comparison of femoral neck 

strength with regards to these two FHCD techniques which include the traditional single 

large bore FHCD and the modern multiple small bore FHCD technique. The two 
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techniques will be compared through mechanical testing of matched pairs of cadaveric 

femurs. Differences in structural properties will be compared between groups in a 

matched pairs study of femoral neck strength.  

To truly asses the structural difference between the two techniques of femoral 

core decompression, key predictive properties such as bone mineral density and 

anthropometric measurements for each FHCD technique will be used to normalize the 

data eliminating variation in the data caused by geometrical and material property 

differences that are typically seen within matched pairs [17, 18]. Therefore, femoral neck 

strength will also be normalized between and within matched pairs with bone mineral 

density (BMD) measurements, and peak stresses estimation which takes into account 

geometrical differences in femoral neck cross-sectional properties.  

If a difference is present this may affect the post surgical management and 

rehabilitation of a patient possibly allowing for a shorter recovery time. This information 

may also be beneficial to develop a more effective procedure that reduces risk of 

proximal femur fracture post-surgery.  
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 Chapter 2: Mechanical testing of the Femoral Neck 
Comparing the Single Large Bore and Multiple Small 

Bore Core Decompression Techniques  
 
INTRODUCTION 

The proximal femur is partially supported by internal porous architecture of 

aligned trabecular bone in the form of plates and rods [19]. This architecture is arranged 

in a space-efficient manner to transmit load and stress from the joint surface down 

through the neck and into the shaft of the femur. Wolff’s Law, which is also known as the 

law of bone remodeling states that the internal trabecular bone adapts to the external 

stress field created by normal loading. This reorients the trabeclulae with the principal 

stress lines to maximize mechanical and volumetric efficiency  [2]. 

 There are several aligned groups of trabecular bone that help to support both the 

tensile and compressive loads that are the result of normal weight bearing. There are four 

groupings that support this load which include the primary and secondary compressive 

groups and the primary and secondary tensile group (Figure 4). When a patient presents 

with an early stage I or II avascular necrosis of the femoral head or neck a FHCD may be 

preformed which can disrupt these trabecular groups, especially the primary compressive 

and tensile groups.          
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Figure 4: Trabecular Groups. Principal tensile group (top left), secondary tensile 
group (bottom left), principal compressive group (top right), secondary compressive 

group (bottom right). 

 
The effectiveness in treating the progression of osteonecrosis of the femoral head 

and neck by the traditional single large bore core decompression [4, 20-32]  and modern 

multiple small channel core decompression [11-13, 33] have been extensively studied in 

small samplings. There are four key advantages of the multiple small bore core 

decompression over the traditional single large bore FHCD. First, the smaller diameter 

drill allows for a less difficult approach towards the anterior portion of the femoral head 

which is often involved in the osteonecrosis. Second, there is less morbidity associated 

with the technique. Third, the risk of penetrating the femoral head and injuring the 

articular cartilage is reduced. Last, the risk of stress concentration on the cortical bone of 
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the trochanter around the entry hole is decreased [13]. The rate of success for the multiple 

small bore FHCD technique is similar or greater than other techniques [12, 13].  

The analysis of femoral neck strength has been extensively studied in both 

standing and falling load simulations [34-43]. Many of these use bone mineral density 

(BMD) in regions of interest, such as the neck, to better account for variations in material 

strength between femurs and to estimate failure load or fracture risk. Lochmuller et al. 

tested femoral neck strength in 52 fixed cadaver femora. The femurs were scanned with 

dual-energy X-ray absorptiometry to determine BMD and mechanically loaded to failure 

in standing configuration [40]. Dalen et al. similarly analysed 61 specimens of proximal 

femora for ultimate load in standing configuration. They scanned the femurs using x-ray 

spectrophotometric method for BMC [39]. Cheng et al. performed additional studies and 

compared DXA and QCT BMD scanning techniques and correlated fracture load of 64 

femurs in standing configuration with BMD for specific regions of the proximal femur 

[38].  

In a study by Delaere et al. cadaveric dried macerated femurs were tested in 

standing compression to assess the contribution of load bearing from the trabecular bone 

[44]. This was a matched pairs study where within a pair, one femur was the control, and 

the other had its proximal trabecular bone removed from the neck and trochanter region 

by a Volkmann’s curette. They found that the primary tensile and compressive trabecular 

groups are responsible for more than 50% of the load carrying capacity of the femur [44]. 

The amount of contribution of the trabecular network to load carrying capacity was also 

dependent on the angle of the neck with respect to the shaft. With a larger angle the neck 

is more vertical and is able to support more of the load through the cortex, and with a 
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smaller angle the neck is more horizontal subjecting the neck to increased bending tensile 

stress on the superior cortex [44].  

I hypothesize that the amount of trabecular disruption and subsequent change in 

structural strength of the neck provided by the trabecular network of the femur will differ 

between the traditional large bore core decompression technique and the modern multiple 

small bore core decompression technique. There has been no effort to study the changes 

in femoral neck structural strength with regards to the different techniques. If a difference 

is present this may affect the post surgical management and rehabilitation of a patient 

possibly allowing for a shorter recovery time. The purpose of this study is to 

quantitatively compare two commonly practiced techniques of femoral core 

decompression to assess the biomechanical characteristics of the femoral neck (Figure 5). 

Determination of these properties can aid in lowering the risk of femoral neck fracture. 

        

Figure 5: Two FHCD techniques with respect to the internal supporting trabecular 
groups. Single large bore FHCD (left), multiple small bore FHCD (right).  

 
METHODS 



  13

This study presents 12 matched pairs (24 samples) of proximal femur samples 

from 12 cadavers for biomechanical testing. The methodology will be presented in the 

following subtopics: the design of the study, subject information, tissue preparation, 

testing configuration, and statistical analysis. 

 
Study Design 

Twelve matched pairs of cadaveric femurs were gathered for testing. The study 

considered two groups for comparison. The first group of femurs received a single pass 

of an 8mm reamer up through the neck of the femur starting from the lateral aspect of the 

greater trochanter and extending up into the superior region of the head trabecular bone. 

The second group received three passes of a 3mm Kirschner wire. Similar to the 8mm 

technique each pass started from a common location on the lateral aspect of the greater 

trochanter and extended into the head of the femur. However each pass was drilled at a 

slightly different angle producing three individual channels. Both FHCD technique 

drilled bores up until they approached the cortex of the head. This can be seen below in 

Figure 6. Within each matched pair, one side would receive the 8mm core decompression 

technique and the other would receive the 3mm core decompression technique. The 

group assignments were randomized between sides. 
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Figure 6: Testing Matrix 

 
Subject information 

Femur samples were gathered with the assistance of WFUBMC Orthopedic 

Surgery research department and the WFUBMC School of Medicine. Thirteen subjects 

were available for testing. This contains seven females and five males, ranging in age 

from 50 to 92 years old with a mean age of 76 years old. Two donors were of unknown 

age. One donor (specimen ID 007) had a substantial calcification of the psoas major 

tendon and was excluded from the study. Sample information can be seen below in Table 

1. 
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Table 1: Specimen general Information 

Patient  ID Specimen ID Side (L/R) Technique Age Gender 
780F 001 L 3 mm 63 F 
780F 001 R 8 mm 63 F 
797F 002 L 8 mm 50 F 
797F 002 R 3 mm 50 F 
796F 003 L 3 mm 83 F 
796F 003 R 8 mm 83 F 
790M 004 L 8 mm 82 M 
790M 004 R 3 mm 82 M 

UknM1 005 L 3 mm - M 
UknM1 005 R 8 mm - M 

795F 006 L 3 mm 90 M 
795F 006 R 8 mm 90 M 
805F 008 L 8 mm 60 F 
805F 008 R 3 mm 60 F 
770F 009 L 3 mm 60 F 
770F 009 R 8 mm 60 F 
769F 010 L 8 mm 88 M 
769F 010 R 3 mm 88 M 

UknM2 011 L 3 mm - M 
UknM2 011 R 8 mm - M 

791F 012 L 8 mm 92 F 
791F 012 R 3 mm 92 F 
776F 013 L 3 mm 90 F 
776F 013 R 8 mm 90 F 

 
 
Imaging for BMD 

 Quantitative computed tomography (QCT), allows for true volumetric density 

measurements as well as the ability to measure the trabecular and cortical densities 

separately and has been used previously for fracture risk estimation [45-48]. The femurs 

were scanned using QCT by pairs in three sessions. First the femurs were scanned before 

any procedure was performed, again after the core decompression was preformed, and 

finally once more after fracture from mechanical testing in a 2010 model year GE 

Discovery 64 slice PET/CT scanner (General Electric Company, GE Healthcare division, 

Fairfield CT, USA). The scans were taken at a slice thickness of 0.625mm, a window of 
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512px x 512px, pixel size of 0.703mm, and a field of view of 36cm using a clinical bone 

imaging algorithm. The femurs were scanned alongside a QCT-BONE MINERAL 

PHANTOM (Image Analysis, Inc. Columbia KY, USA). This bone calcium phantom 

provided three reference densities to accurately estimate bone mineral density (BMD) 

from the scan with a conversion factor of 1.5497 HU/(mg/cm3) as seen in Figure 7.  

 
Figure 7: Bone phantom calibration curve relating HU to mg/cm3. 

 
 The qCT scans were then imported into Mimics (Materialize, Leuven, Belgium), a 

commercially available image segmentation software package. The specimens were 

masked in a manner such that the femur was divided into the following groups: shaft 

cortical bone, head, neck, and greater trochanter cortical bone, proximal trabecular bone, 

neck trabecular bone, and greater trochanter trabecular bone. The individual masks can be 

seen below in Figure 8. 
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Figure 8: Bone Masking for BMD measurements. Shaft cortical bone (blue), head, 
neck, and greater trochanter cortex (red), proximal trabecular bone (orange), neck 

trabecular bone (purple), and greater trochanter trabecular bone (green). 

 
Tissue Preparation 

Multiple steps were needed to prepare proximal femur samples for testing. First 

the samples were extracted from the cadaver and the appropriate core decompression 

surgical technique was preformed. Both techniques were performed using commonly 

available surgical tools including a surgical power drill and C-arm fluoroscope for visual 

guidance. Both techniques involved drilling a channel down the femoral neck starting 

from the lateral aspect of the greater trochanter up through the neck into the superior zone 

of the femoral head. The 8mm reamer technique applied a single pass down the neck. The 

multiple small bore FHCD technique used three passes of a 3mm Steinman pin at varying 

angles and starting from the same entry site. Care was taken not to violate the cortex of 
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the head. The difference in techniques can be easily seen with CT images, an example of 

the two FHCD techniques can be seen below in Figure 9. 

 

Figure 9: Computed tomography images of the 8mm reamer core decompression 
technique and the 3x3mm Kristner wire core decompression technique 

 
The femurs were then cut along the femoral diaphysis transversely to procure the 

proximal portion. The location of the cut was determined using an alignment template. 

The template contained a reference line to align both the axis of the shaft of the femur 

and a reference line to represent the loading axis which is offset by 10 degrees to simulate 

anatomical neutral standing position. The template was used in the following manner. 

First, the femur shaft was visually aligned with the femoral axis reference line. Second, 

the femur was slid up or down the femoral shaft axis line until the center of the femoral 
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head is aligned with the loading axis reference line. This can be seen as a line protruding 

normal to the superior surface of the femoral head. A marking line was then drawn on the 

femur orthogonal to the femur shaft axis. The femur was then cut along this marked line 

using a vertical band saw. The length of the sample varied due to the variation in femur 

size, neck length, head diameter, and neck angle. Figure 10 displays the cutting template 

and femoral alignment with respect to the loading axis.  

 

       
 

Figure 10: Cutting template (left and right), alignment of the loading axis (center). 
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The femur samples were then cleaned of excess muscle and tendon using a scalpel 

and shears. Particular attention was given to the neck of the femur to clear it of excess 

tissue so that the neck fracture can be clearly seen during and after testing being careful 

not to damage the cortex of the neck. The samples were then secured in 2” diameter x 3” 

long PVC tubing. The shafts of the femur samples were visually aligned with the axis of 

the PVC tube and potted using quick setting general purpose epoxy resin. The samples 

were kept moist with saline solution to preserve bone quality.  

  

Testing configuration 

Testing was conducted using a servo-hydraulic MTS material testing system 

(MTS Corp, Eden Prairie MN, USA) and constrained using custom manufactured 

specimen fixtures. Several pre-tests were conducted with the system to develop the final 

testing methodology and to check the instrumentation before proceeding with final 

testing.  

The custom acetabular compression platen was manufactured from 303 stainless 

steel using a CNC mill and contained a 2.4” diameter concave spherical cup to constrain 

the head of the femur. The femoral shaft fixture was mounted to the load cell and 

contained a 10 degree wedge adaptor which connected the load cell to the base plate. 

Over the base plate was a secondary sliding plate. The sliding plate was mounted to the 

potting clamp. This plate was allowed to slide across the base plate in two degrees of 

freedom and could be secured to the base plate with four bolts. The custom fixtures can 

be seen in Figure 11 and femoral orientation within the fixture can be seen in Figure 12. 

This system was used to remove any settling of the femoral head within the acetabular 
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fixture allowing for optimal alignment. The potting clamp accepted the PVC specimen 

pot and allowed for one more rotational degree of freedom. All components of the 

femoral shaft fixture were made of 6061 Al.  

   

Figure 11: Acetabular fixture (left and center). Sliding base plate and femur pot 
clamp (right). 

 

The specimen mounting procedure included loading the PVC potting tube into the 

femoral shaft fixture clamp. The femur and PVC tube were then rotated within the clamp 

and aligned visually such that the center of the femoral head was aligned with the center 

of the acetabular cup fixture. The actuator was then brought down until there was a 20N 

compressive preload present on the sample. The sliding plate assembly was then adjusted 

to try to remove as much of the 20N preload as possible. The last two steps were repeated 

until the 20N preload could not be removed. The sliding plate was then tightened in place 

using the four clamping bolts that pass through the sliding plate into the base plate.  
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Figure 12: Testing apparatus with custom acetabular cup and femoral fixture at 
10deg adduction (left).  Example of a mounted femur sample (right). 

 

Each test was recorded with a high speed phantom v4.3 (Vision Research, Wayne, 

NJ) camera to capture fracture propagation (Figure 13). The camera recorded black and 

white 512x512 pixels at 8000fps. The femoral shaft fixture was rotated for each sample 

(left or right side femur) such that the anterior side of the femur was visible to the camera 

during testing. In addition, a standard set of photographs were taken to use later in 

experimental setup measurements such as shaft angle with respect to the load frame and 

axis of loading. A 1 cm grid was placed behind the sample for reference in both the 

photographs and high speed video. 
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Figure 13: Phantom 4.3 high speed camera with manual trigger (left). Camera and 
lighting set up with regards to the testing chamber (right). 

The samples were tested in displacement control at a rate of 0.5 mm/s until 

failure, similar to the loading rate used by Augat et al. which is considered to be 

quasistatic loading. Load was measured from the bottom cross head using a 15kN 

uniaxial load cell (MTS, Model 661.19H-03, 15000N, Eden Prairie, MN). Displacement 

was measured using the MTS internal actuator LVDT. Load and displacement data was 

collected at 1000 Hz. 

 

Statistical Analysis 

Statistical analysis was conducted on the following independent variables 

including: age, BMD of the head neck and greater trochanter cortex, BMD of the shaft 

cortical bone, BMD of proximal femur trabecular bone, BMD of neck trabecular bone, 

and BMD of greater trochanter trabecular bone. The dependent variables include the 

ultimate load, and fracture energy. Dependent variables were analyzed using matched 

pairs Student’s t-tests due to the small sample size under the assumption that the 

population is normally distributed. Independent variables were also analysed using 

matched pairs Student’s T-test to prove there was no random bias between the two 
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groups. Significance was defined as a two-tailed p-value of less than or equal to 0.05 

thereby rejecting the null hypothesis that there is no difference in the mean values 

between groups. 

Pearson’s Correlation coefficients were calculated for peak load and fracture 

energy with regards to the independent variables of age and BMD to compare to known 

literature relationships. Cheng et al found by using multiple regression models that a 

combination of different DXA BMD measurements produced a small increase in the 

explained variability in the femoral strength data [38]. Therefore, to account for some 

variability in the load data, several mixed linear Analysis of Covariance (ANCOVA) 

regression models were created for paired observations. These analyses were done to 

control for the variability in the data caused by significantly correlated dependent 

variables with regards to the differences observed in the dependent variable. For instance 

the differences seen in the paired samples between groups can be adjusted to account for 

the variability in one of the BMD measurements. As a rule of thumb, in this type of 

model statisticians recommend adjusting for one independent variable for every 5 

samples at most. Since the data contains 12 samples, only two independent variables 

were adjusted for at a time. One of which must be the group variable (large single bore 

FHCD or multiple small bore FHCD). 

 

RESULTS 

The load vs. time, load vs. displacement plots, as well as the average peak load, 

average energy of fracture, and correlations of peak load and fracture energy with respect 

to age, and BMD are presented in this section. Thirteen matched pairs of femora were 
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originally gathered for testing. However sample STDFEM_007 had a large calcification 

of the psoas major tendon that would alter the biomechanics of a normal femur under 

standing load and was therefore excluded from testing and analysis. All other samples 

were considered for the data analysis as presented below. 

 

Load vs. Time and Load vs. Displacement Plots 

The grouped load vs. time plots for the two core decompression procedures are 

presented below in Figure 14 and Figure 15. Most sample loading curves followed a 

linear trajectory in both the large bore and multiple small bore groups. Several samples 

were observed to have a small toe region which could be a result of shifting of the femur 

within the femoral shaft pot or femoral acetabular fixture. A small plastic region can also 

be observed in most samples right before failure. Sample STDFEM011 in the multiple 

small bore FHCD group had a large toe region, this is thought to be due to shifting of the 

shaft within the pot. Aside from the large toe region in the load curve, when comparing 

the two sides of sample STDFEM011 the load curves appear to be fairly similar.  
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Figure 14: Load v. Time curves for all multiple small bore FHCD samples. 

 
Figure 15: Load v. Time curves for all single large bore FHCD samples. 

 
A better understanding for the trends between single large bore core 

decompression and multiple small bore core decompression test groups can be seen when 

comparing the load data by pairs. The paired load vs. displacement plots for each sample 
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is presented below in Figure 16-28. These plots contain load data from time zero to peak 

load. 

 
Figure 16: Paired Load v. Displacement 

curves for matched pair 001 

 
Figure 17: Paired Load v. Displacement 

curves for matched pair 002 

 
 

 
Figure 18: Paired Load v. Displacement 

curves for matched pair 002 

 
Figure 19: Paired Load v. Displacement 

curves for matched pair 004 
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Figure 20: Paired Load v. Displacement 

curves for matched pair 005 

 
Figure 21: Paired Load v. Displacement 

curves for matched pair 006 
 

 
Figure 22: Paired Load v. Displacement 

curves for matched pair 005 

 
Figure 23: Paired Load v. Displacement 

curves for matched pair 006 
 

 
Figure 24: Paired Load v. Displacement 

curves for matched pair 008 

 
Figure 25: Paired Load v. Displacement 

curves for matched pair 009 
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Figure 26: Paired Load v. Displacement 

curves for matched pair 010 

 
Figure 27: Paired Load v. Displacement 

curves for matched pair 011 
 

 
Figure 28: Paired Load v. Displacement 

curves for matched pair 012 

 
Figure 29: Paired Load v. Displacement 

curves for matched pair 013 

 

Fracture Patterns 

Fractures patterns and locations were observed to be fairly consistent between 

matched pairs and between groups. The typical fracture was observed to start in the 

superior subcapital region of the proximal neck and extend inferiorly and symmetrically 

along the axis of loading until the inferior cortex of the neck as seen in Figure 30. A 

similar fracture pattern was observed in standing femur compression studies by Delaere 

et al. and Leichter et al. where the fractures observed from mechanical testing were 
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symmetrical and extended vertically and transcervicaly [43, 44]. Complete head shearing 

was observed in one sample (STDFEM 002; Single large bore FHCD). The fractures 

observed in the STDFEM 004 matched pair occurred on the inferior junction of the head 

and neck. I believe this is the result of compressive loading and a failure mechanism of 

buckling due to thin cortex thickness in this location. A complete record of specimen 

fracture patterns can be seen below in Figure 31. 

  

Figure 30: Example of a typical fracture pattern. Anterior view (left) and posterior 
view (right) of sample STDFEM 005_R (left) after fracture. 
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Figure 31: Fracture patterns observed in each sample arranged by pair and then by 

core decompression technique, single large bore FHCD (left), multiple small bore 
FHCD (right). 
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Ultimate load and Fracture Energy 

Regarding ultimate load and fracture energy both showed trends where values for 

the multiple small bore core decompression were greater than the single large bore core 

decompression (Table 2, Figure 32 and Figure 33). The peak load showed a mean 

difference of 378.1 N (7.58% difference) in favor of the small bore technique. A two-

tailed paired Student’s t-test was used to determine the significance of mean difference 

between groups. The difference in mean peak load was very close to approaching 

moderate statistical significance (p=0.105), the small sample size of the study may have 

underestimated the appropriate power to establish significance. The fracture energy 

showed a mean difference of 0.89 J (10.6% difference) also in favor of the small bore 

technique which did not prove to be significant. Mean values of the peak load and 

fracture energy with standard deviation can be seen below in Figure 32-33.  

 

Table 2: Summary Table for Peak load and Fracture Energy 

 Peak load (N) Fracture Energy (J) 
1x8mm  large bore         Mean 4987.6  8.45 

STDV 2231.6 5.38 
3x3mm  small bore        Mean 5365.7  9.35  

STDV 2120.6 5.10 
Mean difference  -378.1 (-7.58%) -0.89 (-10.6%) 
Standard Deviation  213.7 0.669 
95% Confidence Interval  (-848.5, 92.3) (-2.371, 0.575) 
Degrees of Freedom 11 11 
p-value 0.105 0.206 

* Indicates statistical significance (p<0.5) 
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Figure 32: Mean Peak Load 

 

 
Figure 33: Mean Fracture Energy 

 
 
Variation due to Bone Mineral Density  

Another paired Student’s t-test was used to determine if there was any random 

bias in the BMD measurements from the five regions of interest between FHCD groups. 

The two-tailed t-score is reported below in  Table 3. As expected, apparent bone mineral 

density did not show any significant difference between the two groups for all regions of 

interest.  
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Table 3: Apparent Bone Mineral Density Measurements by Region 

  Apparent BMD (mg/cm3) 

Cortical  Neck 
and Head  

Cortical  
Shaft  

Trabecular  
Proximal Total 

Trabecular  
Neck  

Trabecular   
Greater 

Trochanter  

Mean: Total  772.9  1492.1  195.4  141.1  111.3 
STDV: Total  108.6  100.1  72.9  94.1  59.5 
Mean: 1x8mm 
large bore  

776.24  1490.48  197.05  141.65  107.83 

Mean: 3x3mm 
small bore  

769.54  1493.75  193.83  140.5  114.85 

Mean Difference   6.70            
(0.86%) 

‐3.28         
(‐0.22%) 

3.19            
(1.63%) 

1.15 
(0.81%) 

‐7.02               
(‐6.51%) 

p‐value (Prob <t)  0.722  0.875  0.676  0.930  0.148 
* Indicates statistical significance (p<0.5) 

 
A multivariate correlation analysis was used to calculate the Pearson product-

moment correlation coefficients and resulting p-values for dependent variables of peak 

load and fracture energy with respect to the independent variables of age, and BMD 

measurements which are presented in Table 4. As seen in previous studies [37-41, 49, 50] 

of femoral neck strength, peak load was highly correlated with age (R = -0.593; p = 

0.006), and apparent BMD (0.537<R<0.914; 0.0001<p<0.007).  This shows a trend 

where increasing age and/or decreasing BMD, ultimate load is seen to decrease. Fracture 

energy was also highly correlated in the same manner with age (R= -0.671; p=0.001), and 

several regional BMD measurements (0.303<R<0.833; 0.0001<p<0.061). Out of the 

three trabecular measurements, the total proximal trabecular BMD was found to have the 

highest correlation with peak load of R=0.914 (p<0.0001). Out of the cortical bone 

measurements the neck and head BMD measurement had the highest correlation of 

R=0.592 (p=0.002). Similarly, total trabecular and neck and head cortical had the highest 

correlation values for BMD measurements with respect to fracture energy, R=0.833 

(p<0.0001) and R=0.388 (p=0.061) respectively. 
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Table 4: Pearson’s Correlation Table for Peak load and Energy 

  

Peak Load (N)  Fracture Energy (J) 

Correlation 
[R] 

Coefficient of 
Determination 

[R2] 
p‐value 

Correlation 
[R] 

Coefficient of 
Determination 

[R2] 
p‐value 

Age (yr)  ‐0.593  0.352   0.006*  ‐0.671  0.450  0.001* 

A
pp

ar
en

t B
M
D
 (g
/c
m

3 )
 

Cortical  
Neck and 
Head 

0.592  0.350  0.002*  0.388  0.151  0.061 

Cortical  
Shaft 

0.537  0.288  0.007*  0.303  0.092  0.151 

Trabecular  
Proximal 
Total 

0.914  0.835  0.0001* 0.833  0.694  0.0001* 

Trabecular  
Neck 

0.816  0.666  0.0001* 0.787  0.619  0.0001* 

Trabecular   
Greater 

Trochanter 
0.623  0.388  0.001*  0.492  0.242  0.015* 

* Indicates statistical significance (p<0.5) 
 

Mixed linear paired ANCOVA Regression Modeling 

Since BMD has a large influence on the strength of the femoral neck, the two top 

correlated BMD measurements for cortical and trabecular bone were used to account for 

some of the variability in the data. Several mixed paired ANCOVA linear regression 

models were created to control for the variability in the data with regards to the 

differences observed in the dependent variables caused by significantly correlated 

dependent variables. The two dependent variables, peak force and fracture energy, were 

run four times. First, only the hole size group was considered as the independent variable 

for comparison with the adjusted models. Then the model was run with trabecular BMD, 

cortical BMD, and both trabecular and cortical BMD as a covariate independent 

variables. 
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With regards to peak load, the paired t-test shows there is no significant difference 

between FHCD techniques. However when accounting for the variability in BMD, a 

significant difference is found between groups. Using cortical neck and head BMD 

proves to be most significant with an adjusted mean difference of 440.88N (8.8%) and a 

p-value of 0.0133. Fracture energy did not show significance between groups. Adjusting 

for BMD improved the trend towards showing a difference between groups however 

none of the models proved to be significant. The mixed linear paired ANCOVA 

regression models for peak load (Table 5) and fracture energy (Table 6) can be seen 

below. These tables include the mean difference and standard error between groups with 

regards to the dependent variable, as well as the regression slope and significance of the 

compensated independent variable with respect to its correlation to the dependent 

variable. 
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Table 5: Mixed linear paired ANCOVA regression modeling for peak load 

Dependent 
Variable 

Independent 
Variables 

Mean 
Difference 

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Peak load  Hole Size  378.09  213.72  11  1.77  0.1046 

Dependent 
Variable 

Independent 
Variables 

Adjusted 
Mean 
Difference 

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Peak load  Hole Size  459.28  202.58  10  2.27  0.0468* 
Compensated 
Independent 
Variable 

Slope 
Standard 
error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Trabecular 
Total BMD  25.4394  3.1099  10  8.18  <0.0001*

Dependent 
Variable 

Independent 
Variables 

Adjusted 
Mean 
Difference 

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Peak load  Hole Size  440.88  146.88  10  3  0.0133* 
Compensated 
Independent 
Variable  Slope 

Standard 
error 

Degrees of 
Freedom  t‐Value  p‐Value 

Cortical Neck 
and Head BMD  9.3719  2.1611  10  4.34  0.0015* 

Dependent 
Variable 

Independent 
Variables 

Adjusted 
Mean 
Difference 

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Peak load  Hole Size  481.5  172.45  9  2.79  0.021* 
Compensated 
Independent 
Variable  Slope 

Standard 
error 

Degrees of 
Freedom  t‐Value  p‐Value 

Trabecular 
Total BMD  21.5638  3.0627  9  7.04  <0.0001*

Cortical Neck 
and Head BMD  5.1621  1.855  9  2.78  0.0213* 

* Indicates statistical significance (p<0.5) 
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Table 6: Mixed linear paired ANCOVA regression modeling for fracture energy 

Dependent 
Variable 

Independent 
Variables 

Mean 
Difference

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Fracture Energy  Hole Size  0.8983  0.6694  11  1.34  0.2066 

Dependent 
Variable 

Independent 
Variables 

Adjusted 
Mean 
Difference

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Fracture Energy  Hole Size  1.0742  0.694  10  1.55  0.1527 

Compensated 
Independent 
Variable 

Slope 
Standard 
error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Trabecular 
Total BMD  0.05509  0.01038  10  5.31  0.0003* 

Dependent 
Variable 

Independent 
Variables 

Adjusted 
Mean 
Difference

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Fracture Energy  Hole Size  0.9872  0.6725  10  1.47  0.1729 

Compensated 
Independent 
Variable  Slope 

Standard 
error 

Degrees of 
Freedom  t‐Value  p‐Value 

Cortical Neck 
and Head BMD  0.01326  0.008558  10  1.55  0.1523 

Dependent 
Variable 

Independent 
Variables 

Adjusted 
Mean 
Difference

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Fracture Energy  Hole Size  1.0812  0.7031  9  1.54  0.1585 

Compensated 
Independent 
Variable  Slope 

Standard 
error 

Degrees of 
Freedom  t‐Value  p‐Value 

Trabecular 
Total BMD  0.05363  0.01192  9  4.5  0.0015* 

Cortical Neck 
and Head BMD  0.001751  0.007295  9  0.24  0.8157 

* Indicates statistical significance (p<0.5) 
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DISCUSSION 

The current study presents a systematic and repeatable method to mechanically 

test proximal femurs for ultimate strength and fracture energy and quantify bone mineral 

density in regions of interest using QCT. While there have been several studies on the 

clinical outcome of varying techniques of FHCD as well as many studies on the ultimate 

strength of the femoral neck, there have not been any physical biomechanical studies that 

demonstrate the changes in strength of the proximal femur due to the FHCD procedure.  

Both groups of femurs showed similar loading vs. displacement curves. The 

majority of samples had a small toe region or none at all. The lack of toe region shows 

optimal alignment of the sample in the fixture. The samples that had a toe region either 

were not properly aligned with the acetabular fixture, or the sample moved within the 

potting apparatus due to improper setting of the epoxy resin. The load curves then 

showed a linear elastic portion of the curve followed by micro fracturing in the plastic 

region which can be seen as a decrease in slope or a small dip which lead to catastrophic 

failure of all samples within this testing group.  

The multiple small bore FHCD technique was found to have a higher mean peak 

load, 5365N, with an increase of 378N (7.58%) over the single large bore FHCD. This 

result proved not to be significant with a p-value of 0.104. Perhaps with a larger sample 

size this difference could be significant. The mean fracture energy did not show 

significance (p=0.206). However, it should be noted that fracture energy followed a 

similar trend where the multiple small bore FHCD absorbed 9.35J with an increase of 

10.6% over the singe large bore FHCD.    
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The material properties of bone such as ultimate load and fracture energy have 

been shown to decrease with age [51]. Beck et al. found in a study looking at 5,623 

subjects that with an increase in age between adults of age 20-99 that in both men and 

women there is a decrease in BMD, mean cortical thickness, and section modulus of the 

neck [52]. BMD is highly correlated with neck strength [38-42, 53]. Therefore, as age 

increases, BMD and neck strength decreases. In addition, Zioupos et al. found that in the 

span of 35 years the modulus of elasticity fell by 2.3% per decade of life. Fracture 

toughness fell by 3% from 1.2kJ. There is also a reduced critical stress required to initiate 

a macrocrack which is preceded by less micro damage and less energy to produce failure 

[54]. In the current study, age was found to have a significant correlation to ultimate load 

and fracture energy, -0.593 and -0.671 respectively.  

Cheng et al. studied the relationship of BMD and femoral neck geometrical 

propertied to ultimate strength of the neck in falling configuration and found that BMD 

had the best correlation with ultimate load (r2 = 0.88). They also found high correlation 

with neck cortical area (r2 = 0.66) and Trochanteric cortical area (r2 = 0.83) [38]. Lotz et 

al. found a strong positive correlation between the compressive strength of trabecular 

specimens from the human proximal femur and BMD measurements from qCT (r2 = 

0.89) [55]. Within this study, bone mineral density was also shown to have a significant 

correlation with ultimate load and energy absorption, 0.914 and 0.833 respectively.  

Using a mixed linear paired ANCOVA regression model the variability of BMD 

can be adjusted for since it has such a high correlation to the mechanical strength of the 

neck. By considering femoral neck and head cortical bone BMD, the peak load mean 

difference between groups was adjusted to 440.9 N (8.8%) in favor of the multiple small 
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bore FHCD technique. This difference proved to be significant with a two tailed p-value 

of 0.013. When applying fracture energy to the model, correcting for BMD variability did 

not account for much of the variability in fracture energy. The variation of fracture 

energy may be better accounted for with a geometric property such as cross sectional area 

of the neck or angle of the neck with respect to the loading axis. 

Since there was no statistical significant difference in the BMD in the regions of 

interest within the FHCD groups, this significant difference in ultimate load may be 

attributed to the difference in the ability of the proximal trabecular network to transfer 

load from the head to the shaft and perhaps absorb strain energy due to the disruption of 

trabecular architecture caused by core decompression. The single large bore FHCD may 

have disrupted a larger or more critical portion of the principal tensile and compressive 

trabecular groups within the femur than the multiple small bore FHCD. These trabecular 

groups are primarily responsible for supporting normal standing loads from weigh 

bearing. Therefore, comparing ultimate load in standing configuration will provide the 

most evident differences in load bearing ability of the trabecular groups  as opposed to 

falling configuration which is also a common neck strength testing configuration [35, 38, 

40].  However, fractures caused by FHCD are often caused by falls [20, 56]. Testing the 

two techniques in falling configuration may lead to different results.  

The fracture patterns of the samples studies closely match those of previous 

femoral neck strength testing. A similar fracture pattern was observed in standing femur 

compression studies by Delaere et al. and Leichter et al. where the fractures observed 

from mechanical compression in standing configuration were symmetrical and extended 

vertically and transcervicaly [36, 43, 44]. However, fractures of this type have not been 
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reported in clinical research except after a fall [20, 56]. This may be due to a very 

conservative rehabilitation protocol involving an extended period of non-weight bearing 

for the patient. Typically, post surgical fractures are observed in the subtrochantaric 

region and are thought to be due to stress concentration around the entry hole [12, 57-59]; 

however there have not been any biomechanical studies to confirm this theory.  

 This study has several limitations. First, the age of the femoral samples that were 

tested were much older than the age typically seen for the onset of AVN and the 

subsequent FHCD procedure, 75.8 years old as opposed to the average age of patients 

with AVN which is 30-40 years old. It has been shown that with increasing age there is a 

decrease in support of the proximal femur from the internal trabecular bone architecture, 

this is a natural process however it can be exacerbated by the presence of osteoporosis 

especially in women [50, 52]. I would expect that the observed differences in femoral 

neck strength between FHCD techniques may be even more substantial in a younger age 

group, which is commonly seen in AVN (average ~38yr) as opposed to the age of the 

testing group (average ~76yr), due to the greater reliance on trabecular bone support for 

weight bearing. Also with age there is a thinning of the cortex within the neck of the 

femur [35, 52]. This thinning will increase the stress concentrations on the cortex 

especially in the superior subcapital region where bending tensile stress would be greatest 

[35]. Therefore any small defects in the thin cortex of the neck of aged samples may lead 

to greater variation of ultimate strength between samples. For this reason, normalizing the 

differences in femoral neck strength through peak stress estimation in the neck may 

reduce variation in the load data.  
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 Second, the femur samples were not loaded in a truly physiological manner. The 

loading scenario constrained the shaft of the femur in 6 degrees of freedom (DOF) and 

the femoral head in 3 translational DOF. This may have lead to some unintentional shear 

loading of the head and neck that may not be present in reality. The loading supplied to 

the greater trochanter by supporting ligaments and tendons was also missing; this led to 

less loading and stress experienced by the greater trochanter than would normally be 

present. However the loads and stresses in the neck should still be close to physiological 

loading due to the fact that the neck is not influenced by muscle attachments. The 

presence of physiologic loading on the greater trochanter may have produced 

subtrochantaric fractures which are more commonly seen in clinical practice [12, 57-59]. 

Due to the large diameter and hard surface of the acetabular fixture, there may have been 

large stress concentrations on the superior contact surface of the head. This stress 

concentration increases with a decrease in femoral head diameter.  

Thirdly, due to the way the samples were gathered, there is a substantial lack of 

relevant patient data such as patient height, weight, co-morbidities, cause of death, and 

relevant bone property changing medical conditions. Also, the small sample size of the 

two FHCD groups of may have lead to insufficient power to observe a significant 

difference in ultimate load and fracture energy. Some of this information can be made up 

for with some form of data normalization such as material strength estimation through 

age or BMD measurement as well as geometrical factors that influence bone strength. 

Since stress considers both geometric variables and load variables, it may be used to 

normalize the load data and further reduce the variation caused by anatomical differences 
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in proximal femur geometry with respect to the neck and shaft orientation and cross 

sectional properties of the neck. 
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 Chapter 3: Stress Normalization of the Femoral Neck 
Comparing the Single Large Bore and Multiple Small 

Bore Core Decompression Techniques 
 
 

INTRODUCTION 

 Even between matched pairs of femurs there is some variability between sides. 

Differences can be present in the bone geometry with regards to the cross section of the 

femoral neck and the angle of the neck with respect to the shaft axis. Differences can also 

exist in bone mineral density between sides. Regarding geometrical differences, Reikeras 

et al. analyzed 24 males and 24 females of Norwegian decent for the bilateral differences 

in femoral anteversion angle and neck-shaft angle. They found that with a confidence 

interval of 95% there is a possible difference of 11.8 degrees in anteversion angle and 

13.8 degrees in neck-shaft angle between sides [17]. In a study by Faulkner et al. found 

that between the left and right femoral neck of 36 women between the ages of 41 and 76, 

the hip axis length of the femur between sides can vary between -4.0% and 8.7% with an 

average difference of 0.6% +/- 2.8%[18]. Delaere et al. found that the neck to shaft angle 

has a large influence on the ultimate load of the neck in standing loading, where as this 

angle increases the ultimate load also increases (r=0.91) [44].  

There has also been shown to be a difference in BMD between sides. In the same 

data set Faulkner et al. found a difference in BMD between the left and right femoral 

neck to be 1.5%+/-4.7% with a range of -20% to 26.5%. In a study by Eckstein et al. 

found random bilateral differences in 54 matched pairs of femurs of bone mineral 

concentration (BMC) of 7% +/- 7%. There have been many biomechanical studies that 

have shown that the strength of bone tissue is proportional to its bone mineral density 
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[36, 60-63]. Previous studies have shown that duel energy x-ray absorptiometry BMD 

measurements are significant predictors of femoral neck fractures [37, 64]. 

Bone geometry has a large influence on the loads and moments seen by the 

femoral neck during loading from normal activity such as standing, walking, or other 

physical activity as well as traumatic loading which can be seen in impact scenarios such 

as a fall. The cross-sectional size of the bones must be taken into account when 

establishing the relationship between the mechanical characteristics of the bone and its 

morphology [65]. In addition to the numerous studies that have looked at the relation of 

BMD to estimate fracture strength of the femoral neck there have been several attempts 

to estimate femoral neck strength using a geometrical anatomical measurements, cross-

sectional properties, estimated neck moment, and estimated critical stresses in the 

femoral neck [35-38, 44, 51, 52, 60, 66, 67]. 

 Beck et al. developed a program called Hip Strength Analysis (HSA), which used 

bone mineral data to asses fracture risk. They tested 20 femurs with HSA and measured 

the physical breaking strength and found a high correlation (r=.89) agreement with the 

HSA predicted failure load [60]. In a study by Augat et al., fracture loads were estimated 

for the radius, femur, and lumbar using BMD measurements and peripheral quantitative 

computed tomography (pQCT). They analyzed the cortical BMD and trabecular BMD of 

the femoral neck as well as the second moment of area for the neck cross section for 20 

pairs of cadaver femurs which were tested mechanically in standing configuration to 

determine ultimate load [36]. Yoshikawa et al. estimated the strength of the femoral neck 

using dual-energy x-ray absorptionmetry (DXA). They measured the geometry and cross-
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section second moment of area to estimate stress and the resulting safety factor with 

regards to body weight and normal loading in walking and falling [67].  

Lang et al. developed a method to use three-dimensional computed tomography 

with an imaging analysis method to measure trabecular and integral bone mineral density 

along with the geometry in automatically determined femoral neck and greater trochanter 

regions. They analyzed the correlation of BMD and geometrical parameters to the 

strength of single limb standing configuration for thirteen specimens to simulate neck and 

subcapital fractures [37, 68]. Mayhew et al. estimated the critical stress of 77 proximal 

femurs using the geometric properties and density measurements of the cortex of the 

femoral neck from dual energy x-ray absorptiometry (DXA) scans. They used computed 

tomography to create a three-dimensional reconstruction of the proximal femur which 

was used to generate a cross sectional image of the femoral neck for stress analysis. 

To truly asses the structural difference between the two techniques of femoral 

core decompression a method of normalization must be used to eliminate variation in the 

data caused by these geometrical and material property differences. Therefore, the 

purpose of this study is to quantitatively compare the previous biomechanical data from 

chapter 2, which compares femoral neck strength after two core decompression 

techniques, by normalizing it with both geometrical properties and material properties of 

the bone with peak stresses estimation and region specific BMD measurements.  
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METHODS 

Anatomical Measurements  

 The femurs were scanned using QCT by pairs in a 2010 model year GE Discovery 

64 slice PET/CT scanner (General Electric Company, GE Healthcare division, Fairfield 

CT, USA). The scans were taken at a slice thickness of 0.625mm, a window of 512px x 

512px, pixel size of 0.703mm, and a field of view of 36cm using a clinical bone imaging 

algorithm. The femurs were scan alongside a QCT-BONE MINERAL PHANTOM 

(Image Analysis, Inc. Columbia KY, USA). This bone calcium phantom provided three 

reference densities to accurately estimate bone mineral density (BMD) from the scan with 

a conversion factor of 1.5497 HU/(mg/cm3) 

The QCT scans were then imported into Mimics, a commercially available image 

segmentation software package (Materialize, Leuven, Belgium), and were resliced along 

the neck axis of the each femur. To find the neck axis, first a sphere was placed over the 

head of the femur using four surface points for reference. Then a circle was drawn on the 

axial plane on the midneck such that the edges of the cortex of the neck were tangent to 

the circle.  Two additional circles were placed in a similar fashion on the coronal plane 

on the proximal neck and distal neck. The centers of the circles and spheres were used to 

align the reslicing box through the axis of the neck consistently and accurately between 

samples as seen in Figure 34. The scan was resliced with a bounding box 100mm x 

100mm x 150mm at a 0.5mm slice thickness.  
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Figure 34: Reslice box placed on the proximal femur along the neck axis (red line). 

Coronal view (left and top right), axial view (bottom right).  

 From the resliced image the femurs were measured for several anatomical 

features including the following: neck length, neck segment length, hip axis length, head 

radius, neck shaft angle, neck superior-inferior diameter, and neck anterior-posterior 

diameter. These measurements were taken from consistent landmarks seen below in 

Figure 35. To find the shaft axis two circles were drawn on the shaft of the femur tangent 

to the outer edge of the cortex. A line was drawn along the centers of the two circles 

which defined the axis. To find the center of the femoral head, a sphere was placed over 

the head in the same manner as earlier.  

 A standardized saggital image slice was captured at a location one head radius 

distal from the center of the head. This location was very close to, if not directly on, the 

smallest diameter neck cross section which is a common location for two dimensional 

stress calculations [36, 38, 67].  
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Figure 35: Diagram of anatomical measurements taken from QCT 

 
Static Free Body Analysis 

Free body static analysis was used to estimate the forces and moments 

experienced by the femoral neck at the location of the selected neck slice. The actual 

angle of the femoral shaft was measured using an optical method within ImageJ image 

processing software (National Institutes of Health, Bethesda MD, USA) where the angle 

of the medial and lateral edge of the femur shaft was measured with respect to the 

tracking grid in the background. The average of the two angles was used as the reference 
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angle between the shaft angle and the horizontal axis of the material testing frame. An 

example of the angle measurements can be viewed below in Figure 36.  

 

            
Figure 36: Measurement of actual shaft angle with respect to the MTS Coordinate 

System.  

 
The shaft to MTS horizontal axis and neck to shaft angle were used to calculate 

the angle of the axis of loading with respect to the neck axis as seen in Figure 37 using 

Equation 1. Axial force is a component of the measured force transmitted through the 

femoral neck along the X axis parallel to neck axis. Shear load is the component 

transmitted through the neck along the Y axis perpendicular to the neck axis. The peak 

moment can be calculated using the peak axial force, peak shear force, loading angle, and 

head radius.  
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Figure 37: Static free body analysis. The femur with respect to the loading axis 

(left). Representation of the loading axis with respect to the femoral axis and neck 
cross section (right). 

 
Forces and moments in the neck were calculated using long established 

engineering principles typically applied to load bearing structures and beams. In this 

instance the Head and neck of the femur is treated like a cantilever beam. The peak axial 

force and peak shear force with respect to the neck axis was calculated using the ultimate 

load data collected by the MTS and the neck to MTS loading angle (Equations 2 and 3). 

Peak moment was calculated using the peak load, the neck to MTS angle, and the head 

radius (Equation 4). 
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(1) 

(2) 

 (3) 

 (4) 

 
θ   --- Neck to MTS loading axis angle 

 α  --- Shaft to MTS horizontal angle 
β  --- Neck to shaft angle 
Paxial  --- Estimated peak axial force experienced by the neck 
Pshear   --- Estimated peak shear force experienced by the neck  
M  --- Estimated peak moment experienced by the neck 

 Peak Load  --- Maximum experimental load recorded from testing  
 
 
Femoral Neck Cross Section Stress Estimation 

Similarly to calculate the stress within the cortical bone of the neck cross section, 

long established structural equations for the static loading of cantilever beams was used. 

To calculate the cross sectional properties of the neck, the image of the cross section was 

input into custom Matlab code. The images were 100mm x 100mm (142px x 142px) at a 

resolution of 0.6993 mm/px. The image was read in as grayscale and threshold at 165 

brightness value to mask the cortical bone. The pixel resolution, number of masked 

pixels, and the location of each masked pixel was used to calculate the cortical area 

(Equation 5), bending neutral axis location (Equation 6), and second moment of area 

about the neutral axis (Equation 6). 
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(5) 

 
(6) 

 
(7) 

 
Area   --- Cross sectional area of the neck cortical bone 

 Nbone_pixels  --- Number of pixels contained within the threshold 
yres  --- Actual size of a pixel 
ŷ   --- Location of the neutral axis 
Izz   --- Cross sectional area of the neck cortical bone 

 yi   --- Number of pixels contained within the threshold 
 

 
Femoral neck peak cross sectional stresses were estimated with structural beam 

theory using the cross sectional properties of the neck slice and the estimated loads and 

moments at the location of the slice. These stresses include peak axial stress (Equation 8) 

and peak shear stress (Equation 9). Peak bending stresses were also calculated. A 

graphical representation of the shear load, axial load, and bending moment as well as the 

resulting shear stress, axial stress, and bending stress can be seen below in Figure 38. 

Maximum stresses due to bending were also calculated using the custom Matlab 

program. An example of the peak bending stress locations on the cortex and the neutral 

bending axis can be seen in Figure 40. Also, an example of the bending stress within the 

neck can be seen in a fringe plot seen below in Figure 41. 

Axial and Shear loads and stresses are uniform through the neck length and cross 

section, however bending moment varies across the length of the neck and bending stress 

transitions from tensile to compressive though the cross section and passes through a 

point of zero stress at the neutral bending axis. Therefore, the peak tensile stress due to 
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bending occurs on the superior aspect of the cortex (Equation 10), peak compressive 

stress due to bending occurs on the inferior cortex (Equation 11).   The resulting normal 

stress in the neck is the addition of axial stress and bending stress.  

 
Figure 38: Shear – Moment diagram of the femoral neck along with stress 

distribution across the neck cross section. 

By combining the normal stresses of bending stress and axial stress with the shear 

stress, the maximum principal stress can be calculated. Principal stress reorients the 

coordinate system such that the combined stresses of normal and shear (X- normal, Y- 

normal, and XY-shear) becomes two normal stresses (X’-normal and Y’-normal) as seen 

in Figure 39.The peak principal compressive and tensile stresses were calculated to take 

into account the combined loading and resulting stress (equation 12).  
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Figure 39: Normal and Shear stress transformed into principal stresses 

(8) 

 
(9) 

 
(10) 

 
(11) 

(12) 

 
σaxial  --- Peak axial stress along the neck axis 
τxy --- Peak shear stress across the cross section 
σtens bending --- Peak tensile bending stress 
σomp bending --- Peak compressive bending stress 
σa, σb  --- Peak principal stresses 
σx  --- Axial stress along the neck axis 
ytens  --- Distance from the neutral axis to the  

superior surface of the neck 
ycomp  --- Distance from the neutral axis to the  

inferior surface of the neck 
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Figure 40: Example of the peak stress and neutral axis estimation within the cortical 
bone of the neck cross section 

 
 

Figure 41: Example of the stress fringe plot within the cortical bone of the neck 
cross section 



  58

Statistical Analysis 

Dependent variables were analyzed using matched pairs Student’s t-tests due to 

the small sample size under the assumption that the population is normally distributed. 

These dependent variables include estimated cross section loads such as peak axial load, 

peak shear load, and peak moment. Stresses were also considered to be dependent 

variables, these include peak axial stress, peak shear stress, peak bending stresses, 

combined peak compressive and tensile stresses, and maximum compressive and tensile 

principal stresses.  

Independent variables were also analysed using matched pairs Student’s t-test to 

prove there was no random bias between the two groups.  The independent variables 

include bone material property related values such as patient age, and BMD 

measurements from the shaft cortex, head and neck cortex, total trabecular, neck 

trabecular, and greater trochanter trabecular bone regions. The independent geometric 

variables were also considered in the analysis which contains the total neck length, neck 

segment length, neck to shaft angle, head diameter, neck cross section diameters, and 

cortical thicknesses of the neck cross section. Significance was defined as a p-value of 

less than or equal to 0.05 thereby rejecting the null hypothesis that there is no difference 

in the mean values between groups. 

Pearson’s Correlation coefficients were calculated for all independent variables 

with respect to all dependent variables. These correlations were used to compare to 

known relationships found in literature and also to determine significant covariate 

variables to apply to a mixed linear paired Analysis of Covariance (ANCOVA) 

regression model used previously. These analyses were done to control for the variability 
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in the data with regards to the differences observed in the dependent variables caused by 

significantly correlated dependent variables. For instance the differences seen in the 

paired samples between groups can be adjusted to account for the variability in one of the 

BMD measurements. Similarly to the ANCOVA regression from the previous chapter, 

only two independent variables were adjusted for at a time. One of which includes the 

group variable (large single bore FHCD or multiple small bore FHCD). Significance was 

defined as a p-value of less than or equal to 0.05 thereby rejecting the null hypothesis that 

there is no difference between the two FHCD techniques. 

 

RESULTS 

The anatomical measurements, neck cross sectional measurements, neck cross 

section load and moment estimations, and neck cross sections stress estimations are 

presented in this section. This includes data collected from the previous chapter using 12 

matched pairs of cadaver femora loaded to failure in standing configuration.  

 

Variation in Anatomical Geometry and Cross Sectional Properties 

A paired Student’s t-test was used to determine if there was any bias as to the 

anatomical measurements of neck length, head radius, neck to shaft angle, and neck cross 

section diameters between groups. The two-tailed p-value is reported below in Table 7. 

As expected, none of the measured parameters show any significant difference between 

the two groups.  
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Table 7: Summary Table for Anatomical Measurements 

Total  
Neck 
length 
(mm) 

Neck 
segment 
Length 
(mm) 

Head A/P 
Radius 
(mm) 

Neck to 
Shaft 
Angle 
(deg) 

A/P 
Diameter 
(mm) 

S/I          
Diameter    
(mm) 

Mean Value  96.11  48.39  22.58  129.49  27.39  32.33 
STDV  7.87  5.84  1.94  6.41  3.02  3.58 
Mean: 1x8mm 
large bore  

95.78  48.12  22.61  129.33  27.3025  32.5967 

Mean: 3x3mm 
small bore  

96.43  48.65  22.55  129.643  27.4675  32.0667 

Mean 
Difference  

‐0.656      
(‐0.68%) 

‐0.529      
(‐1.10%) 

0.059 
(0.27%) 

‐0.309      
(‐0.24%) 

‐0.165      
(‐1.07%) 

0.530       
(‐0.60%) 

p‐value  0.423  0.685  0.795  0.805  0.698  0.332 
* Indicates statistical significance (p<0.5) 

 

Similarly, a paired Student’s t-test was performed to determine if there was any 

bias in calculated cross sectional properties and calculated loading angles with respect to 

the loading axis between groups since this has a large effect in calculated stress. The two-

tailed p-value is reported below in Table 8. None of the measured parameters show any 

significant difference between the two groups.  

Table 8: Summary Table for Neck Cross Sectional Properties and Neck Angle 

  Cortical Bone 
Section Area 

(mm2) 

Cortical Bone 
Second Moment 
of Area (mm4) 

Neck to MTS 
angle (deg) 

Mean Value  155.49  16687.50  41.63 
STDV  30.05  5912.93  3.19 
Mean: 1x8mm large bore   157.14  17166.9  41.41 
Mean: 3x3mm small bore   153.84  16208.1  41.85 
Mean difference   3.30               

(2.10%) 
958.8              
(5.56%) 

‐0.44               
(‐1.07%) 

Standard error   4.53  1111.04  1.56 
95% Confidence Interval   (‐6.66, 13.27)  (‐1486.6, 3404.2)  (‐3.883, 1.563) 
Degrees of Freedom  11  11  11 
p‐value  0.481  0.407  0.782 

* Indicates statistical significance (p<0.5) 
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Cross Sectional Loading 

The cross sectional properties of the neck along with the geometrical measures of 

the femur were used to estimate loads and moments experienced by the neck cross 

section and can be seen below in Table 9, Figure 42 and Figure 43. The cross section 

loads and moments were calculated from the femoral geometry and the experimental 

peak load. Peak axial force, peak shear force, and peak moment all show similar trends as 

the peak load were the multiple small bore FHCD technique on average is able to 

withstand more load and moment than the large bore FHCD technique with differences 

ranging from an increase of 6.9% to 9.4%. However, none of these differences are 

statistically significant.  

Table 9: Summary Table for Neck Cross Sectional Loading 

  Peak load       
(N) 

Peak 
Moment       
(N‐mm) 

Peak Shear         
(N) 

Peak Axial Load   
(N) 

1x8mm  
large bore       

Mean 4987.6  71.1  3138.3  3823.9 
STDV  2231.6  29.4  1204.1  1993.0 

3x3mm  
small bore      

Mean 5365.7  77.8  3415.3  4088.2 
STDV  2120.6  28.1  1086.7  1940.9 

Mean difference   ‐378.10         
(‐7.6%) 

‐6.68          
(‐9.4%) 

‐276.97            
(‐8.8%) 

‐264.26          
(‐6.9%) 

Standard error   213.7  4.78  198.5  148.6 
95% Confidence 
Interval  

(‐848.5, 92.3)  (‐17.20, 3.83)  (‐713.78, 159.84)  (‐591.36,62.85) 

Degrees of Freedom  11  11  11  11 
p‐value (Prob <t)  0.104  0.189  0.190  0.103 

* Indicates statistical significance (p<0.5) 
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Figure 42: Mean load applied the femoral head 
and the axial and shear loads estimated for the 

femoral neck slice. 

 
Figure 43: Mean moment estimated 

for the femoral neck slice. 

 
Stress Estimates  

To calculate the resulting stresses components seen in the neck, the cross 

sectional properties are used with the cross section loads and moments which can be seen 

below in Table 10. The axial stress and shear stress are uniform across the section. Both 

of which were found to be significantly different between the two FHCD techniques. 

Peak axial stress showed a 1.55 MPa (9.3%, p=0.025) increase and shear stress was found 

to withstand a 2.33 MPa (11.8%, p=0.0496) increase in favor of the multiple small bore 

FHCD technique. Bending stress in the neck is tensile in the superior cortex and 

compressive in the inferior cortex. Bending stress is dependent on cross sectional 

properties and the moment. Since the cross sectional second moment of area was proven 

to be the same between groups, the difference between groups regarding bending stress is 

therefore dependent on the estimated moment about the cross section. In line with the 
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moment trend, mean differences in peak tensile and peak compressive bending stress are 

15% and 12.4% higher in the multiple small bore FHCD technique. However, neither of 

the estimated peak bending stresses shows statistical significance. 

Table 10: Summary Table for Neck Cross Sectional Stress Components 

  Peak 
Compressive 
Bending Stress   

(MPa) 

Peak Tensile 
Bending 
Stress          
(MPa) 

Peak Shear Stress   
(MPa) 

Peak Axial 
Stress            
(MPa) 

1x8mm  
large bore       

Mean 53.60  83.38  19.79  16.65 
STDV  19.01  28.42  6.18  7.62 

3x3mm  
small bore      

Mean 60.27  95.93  22.12  18.20 
STDV  15.72  37.24  5.10  7.06 

Mean difference   ‐6.67           
(‐12.4%) 

‐12.55         
(‐15.0%) 

‐2.33              
(‐11.8%) 

‐1.55            
(‐9.3%) 

Standard error   3.43  7.03  1.05  0.60 
95% Confidence 
Interval  

(‐14.22, 0.89)  (‐28.01, 2.92)  (‐4.649,‐0.0049)  (‐0.23, ‐2.87) 

Degrees of Freedom  11  11  11  11 
p‐value (Prob <t)  0.078  0.102  0.0496*  0.025* 

* Indicates statistical significance (p<0.5) 
 

 
 The peak compressive and tensile stresses take into account the summation of all 

normal stresses including the axial stress and bending stresses. The maximum principal 

stresses takes it one more step further and account for shear stress in addition to normal 

stresses converting the combination into a two principal normal stress values. The 

maximum principal stress for the inferior aspect of the neck is compressive and the 

maximum principal stress for the superior cortex of the neck is tensile. These two stresses 

are reported in Table 11. Similar trends exist in the principal stress quantities with 

increases in stress of 8.81 MPa (10.5%, p=0.043) in the compressive stresses and 11.55 

MPa (13.8%, p=0.124) in the tensile stresses. However, only the compressive stresses 

show a significance difference. 
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Table 11: Summary Table for Neck Cross Sectional Peak Stresses  

  Peak Comp 
Stress           
(MPa) 

Peak Tensile  
Stress          
(MPa) 

Principal Max 
Compressive 

Stress             
(Mpa) 

Principal Max 
Tensile Stress     

(Mpa) 

1x8mm  
large bore       

Mean 70.25  66.74  75.53  72.28 
STDV  26.06  22.78  27.15  23.89 

3x3mm  
small bore      

Mean 78.47  77.73  84.35  83.83 
STDV  22.13  32.99  22.93  33.01 

Mean difference   ‐8.21           
(‐11.7%) 

‐11.00         
(‐16.5%) 

‐8.81              
(‐10.5%) 

‐11.55           
(‐13.8%) 

Standard error   3.61  6.95  3.86  6.92 
95% Confidence 
Interval  

(‐16.16, ‐0.27)  (‐26.30, 4.31)  (‐17.30, ‐0.32)  (‐26.79, 3.69) 

Degrees of Freedom  11  11  11  11 
p‐value (Prob <t)  0.044*  0.142  0.043*  0.124 

* Indicates statistical significance (p<0.5) 
 
 

 
Figure 44: Mean and STDV of the estimated cross sectional stresses in the femoral 

neck slice. 
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Correlation and Regression 

A multivariate correlation analysis was used to calculate the Pearson product-

moment correlation coefficients and resulting p-values for dependent variables of peak 

load and fracture energy with respect to the independent variables of age, and BMD 

measurements. Prominent correlations can be seen below in Table 12 and Table 13 for 

correlations with statistical significance (p<=0.05) and moderate statistical significance 

(p<=0.10).  Peak load and fracture energy, in addition to being highly correlated with age 

and several BMD, was also highly correlated with cortical neck area, neck to MTS 

loading axis angle, and neck to shaft angle. Positive correlations show that and increase 

in cortical area and/or an increase in neck to shaft angle allows for greater peak load. 

Considering beam theory these relationships make sense, an increase in cortical area 

allows for greater load distributions through the cortex lowering stress. An increase in 

neck to shaft angle allows for more of the load to be carried along the axial direction of 

the neck as opposed to the shear direction which is where bone is weak.  

Table 12: Pearson Correlation Table relating dependent variables of force, energy, 
and stress to independent variables of bone geometric properties, and age 

Dependent Variable  Independent Variable  Correlation  p‐value 
Peak Load (N)  Age (yr)  ‐0.5935  0.0058 
Peak Load (N)  Cortical Area (mm2)  0.6072  0.0017* 
Peak Load (N)  Neck to MTS angle (deg)  ‐0.6948  0.0002* 
Peak Load (N)  Neck to Shaft Angle (deg)  0.6895  0.0002* 
Energy (J)  Age (yr)  ‐0.671  0.0012* 
Energy (J)  Cortical Area (mm2)  0.4911  0.0148* 
Energy (J)  Neck segment Length (mm)  0.3661  0.0785 
Energy (J)  Neck to MTS angle (deg)  ‐0.6073  0.0016* 
Energy (J)  Neck to Shaft Angle (deg)  0.693  0.0002* 
Peak Axial Load (N)  Age (yr)  ‐0.6939  0.0007* 
Principal Max Comp Stress (Mpa)  Age (yr)  ‐0.6464  0.0021* 
Principal Max Tens Stress  (Mpa)  Age (yr)  ‐0.5235  0.0178* 

* Indicates statistical significance (p<0.5) 
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Peak loads and fracture energy were highly with several BMD measures, 

especially trabecular measurements as seen in the previous chapter. All estimated peak 

loads, moments, and stresses were also positively correlated with multiple BMD 

measures as seen below in Table 13.  

 
Table 13: Pearson Correlation Table relating dependent variables of force, energy, 

and stress to independent variables of BMD 

Dependent Variable  Independent Variable  Correlat
ion 

p‐value 

Peak Axial Load (N)  BMD Trabecular Total (mg/cm3)  0.896  <.0001* 
Peak Axial Load (N)  BMD Trabecular Neck (mg/ cm3)  0.811  <.0001* 
Peak Axial Load (N)  BMD Cortical  Neck and Head (mg/ 

cm3) 
0.618  0.0013* 

Peak Axial Load (N)  BMD Trabecular  GT (mg/ cm3)  0.561  0.0044* 
Peak Axial Load (N)  BMD Cortical  Shaft (mg/ cm3)  0.546  0.0058* 
Peak Shear (N)  BMD Trabecular Total (mg/ cm3)  0.854  <.0001* 
Peak Shear (N)  BMD Trabecular Neck (mg/ cm3)  0.745  <.0001* 
Peak Shear (N)  BMD Trabecular  GT (mg/ cm3)  0.706  0.0001* 
Peak Shear (N)  BMD Cortical  Neck and Head (mg/ 

cm3) 
0.461  0.0234* 

Peak Shear (N)  BMD Cortical  Shaft (mg/ cm3)  0.452  0.0267* 
Peak Moment (N‐mm)  BMD Trabecular Total (mg/ cm33)  0.787  <.0001* 
Peak Moment (N‐mm)  BMD Trabecular  GT (mg/ cm3)  0.694  0.0002* 
Peak Moment (N‐mm)  BMD Trabecular Neck (mg/ cm3)  0.685  0.0002* 
Principal Max Comp Stress (Mpa)  BMD Trabecular Total (mg/ cm3)  0.732  <.0001* 
Principal Max Comp Stress (Mpa)  BMD Trabecular Neck (mg/ cm3)  0.610  0.0015* 
Principal Max Comp Stress (Mpa)  BMD Cortical  Shaft (mg/ cm3)  0.509  0.0111* 
Principal Max Comp Stress (Mpa)  BMD Cortical  Neck and Head (mg/ 

cm3) 
0.490  0.0152* 

Principal Max Comp Stress (Mpa)  BMD Trabecular  GT (mg/ cm3)  0.408  0.0476* 
Principal Max Tens Stress  (Mpa)  BMD Trabecular Total (mg/ cm3)  0.447  0.0284* 
Principal Max Tens Stress  (Mpa)  BMD Trabecular Neck (mg/ cm3)  0.421  0.0405* 
Principal Max Tens Stress  (Mpa)  BMD Trabecular  GT (mg/ cm3)  0.351  0.0929 

* Indicates statistical significance (p<0.5) 
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Mixed linear paired ANCOVA Regression Modeling 

Since BMD has a large influence on the strength of the femoral neck, the two top 

correlated BMD measurements for cortical and trabecular bone were used to account for 

some of the variability in the data. Several mixed paired ANCOVA linear regression 

models were created to control for the variability in the data with regards to the 

differences observed in the dependent variables caused by significantly correlated 

dependent variables. Two dependent variables were selected to run through the linear 

regression. These include the maximum principal compressive stress and maximum 

principal tensile stress. Due to the nature of how these variables are calculated both of 

these variables should theoretically reduce the variation of the peak load due to geometric 

differenced in the femur and loading as well as the neck cross section variation between 

pairs. The principal stresses also account for all forms of stress within the two 

dimensional neck cross section. The covariate variables of interest were selected to be the 

most correlated BMD measures of trabecular and cortical bone for peak load. These 

include the trabecular BMD for the total proximal femur, and the cortical head and neck 

BMD. The two dependent variables were run four times. First, only with the hole size 

group was considered as the independent variable for comparison with the adjusted 

models. Then the model was run with trabecular BMD, cortical BMD, and both 

trabecular and cortical BMD as a covariate independent variables. 

With regards to maximum principal compressive stress, the paired t-test shows 

there is a significant difference between FHCD techniques of 8.52 MPa (10.5%) 

(p=0.0435). However when accounting for the variability in BMD the difference between 

groups becomes more pronounced. Using Cortical Neck and Head BMD proves to be 
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most significant with an adjusted mean difference of 9.20 MPa (11.4%) and a p-value of 

0.0227. The maximum principal tensile stress did not show significance between groups. 

Adjusting for BMC improved the trend towards showing a difference between groups 

however none of the models proved to show a significant difference. The mixed linear 

paired ANCOVA regression models for maximum principal compressive stress (Table 14 

and Table 15) and tensile stress (Table 15) can be seen below. These tables include the 

mean difference and standard error between groups with regards to the dependent 

variable, as well as the regression slope and significance of the compensated independent 

variable with respect to its correlation to the dependent variable. 
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Table 14: Mixed linear paired ANCOVA regression modeling for max principal 
compressive stress estimated for the neck cross section 

Dependent 
Variable 

Independent 
Variables 

Mean 
Difference 

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Principal Stress  Hole Size  8.515  3.7344  11  2.28  0.0435*

Dependent 
Variable 

Independent 
Variables 

Adjusted 
Mean 
Difference 

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Principal Stress  Hole Size  9.2366  3.942  10  2.34  0.0411*

Compensated 
Independent 
Variable 

Slope 
Standard 
error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Trabecular 
Total BMD  0.2261  0.05946  10  3.8  0.0035*

Dependent 
Variable 

Independent 
Variables 

Adjusted 
Mean 
Difference 

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Principal Stress  Hole Size  9.2019  3.4201  10  2.69  0.0227*

Compensated 
Independent 
Variable  Slope 

Standard 
error 

Degrees of 
Freedom  t‐Value  p‐Value 

Cortical Neck 
and Head 
BMD  0.1025  0.04073  10  2.52  0.0305*

Dependent 
Variable 

Independent 
Variables 

Adjusted 
Mean 
Difference 

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Principal Stress  Hole Size  9.4847  3.748  9  2.53  0.0322*

Compensated 
Independent 
Variable  Slope 

Standard 
error 

Degrees of 
Freedom  t‐Value  p‐Value 

Trabecular 
Total BMD  0.1816  0.06575  9  2.76  0.022* 

Cortical Neck 
and Head 
BMD  0.05823  0.03994  9  1.46  0.1788 

* Indicates statistical significance (p<0.5) 
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Table 15: Mixed linear paired ANCOVA regression modeling for max principal 
tensile stress estimated for the neck cross section 

Dependent 
Variable 

Independent 
Variables 

Mean 
Difference 

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Principal Stress  Hole Size  11.2775  6.9296  11  1.63  0.1319 

Dependent 
Variable 

Independent 
Variables 

Adjusted 
Mean 
Difference 

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Principal Stress  Hole Size  11.7584  7.3239  10  1.61  0.1395 

Compensated 
Independent 
Variable 

Slope 
Standard 
error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Trabecular 
Total BMD  0.1507  0.09009  10  1.67  0.1254 

Dependent 
Variable 

Independent 
Variables 

Adjusted 
Mean 
Difference 

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Principal Stress  Hole Size  11.4764  6.9771  10  1.64  0.131 

Compensated 
Independent 
Variable  Slope 

Standard 
error 

Degrees of 
Freedom  t‐Value  p‐Value 

Cortical Neck 
and Head 
BMD  0.02968  0.06315  10  0.47  0.6484 

Dependent 
Variable 

Independent 
Variables 

Adjusted 
Mean 
Difference 

Standard 
Error 

Degrees of 
Freedom 

t‐Value  p‐Value 

Principal Stress  Hole Size  11.6704  7.4857  9  1.56  0.1534 

Compensated 
Independent 
Variable  Slope 

Standard 
error 

Degrees of 
Freedom  t‐Value  p‐Value 

Trabecular 
Total BMD  0.1641  0.1027  9  1.6  0.1448 

Cortical Neck 
and Head 
BMD  ‐0.01952  0.06536  9  ‐0.3  0.772 

* Indicates statistical significance (p<0.5) 
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DISCUSSION 

This study presents a method of standardizing anthropometric measurements of 

the proximal femur using QCT as well as a repeatable method for stress estimation for 

the neck cortex within a two dimensional cross section. This study also presents a method 

of linear regression modeling to account for both variations in geometry and material 

properties of the bone. Stress estimation is used as a form of normalization of peak load 

applied to the two FHCD groups that accounts for the variability in the load data caused 

by geometric differences between matched pairs and also alignment error due to the 

human error in the potting and mounting alignment process for mechanical testing. 

Due to random assignment of FHCD technique between sides within the matched 

pairs, anthropometric measurements of femur geometry and the estimation of cross 

sectional neck properties did not show any significant bias between FHCD groups. Cross 

sectional load and moment estimation for the selected neck location showed a trend 

where the multiple small bore FHCD technique withstood between 6.9% and 9.4% 

increase in load and moment carrying capacity over the single large bore FHCD. None of 

these differences showed statistical significance. Unlike the peak load by itself, the 

estimated load components of axial and shear force as well as the bending moment are 

calculated using geometric properties of the femur such as head radius and neck to shaft 

angle. This should account for some of the variability in the load data; however paired t-

tests did not show a significant difference between FHCD groups.  

To further account for variability in the cross sectional properties between 

matched pairs stress components such as axial, shear, and bending stress were calculated. 

Much like the trends seen earlier in the load component and moment estimation the 
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bending stresses, shear stress, and axial stress show an increase in the peak stress 

experienced by the multiple small bore FHCD technique with increases of between 9.3% 

to 15.0% from the single large bore FHCD. However, only the peak shear and peak axial 

stress showed significant differences in stress, 1.62MPa (p=0.050) and 1.55 MPa 

(p=0.025) respectively. These stress components alone do not show the complete picture. 

By combining the normal stresses of bending and axial with the shear stress, the 

maximum principal stress was calculated. Principal stress reorients the coordinate system 

such that the combined stresses of normal and shear (X- normal, Y- normal, and XY-

shear) becomes two normal stresses (X’-normal and Y’-normal). The inferior cortex 

showed an increase in maximum principal compressive stress of 8.52 MPa (11.7%) 

which proved to be significant (p=0.043). The superior cortex also showed an increase in 

maximum principal tensile stress of 11.28 MPa (16.2%) which was not significant.  

Similar to the previous chapter, by using a mixed paired ANCOVA linear 

regression model the variability of BMD can also be adjusted for since it has such a high 

correlation to the mechanical strength of the neck. By considering femoral neck and head 

cortical bone BMD as a covariate to the maximum principal compressive stress in the 

inferior cortex, the mean difference between groups was adjusted to 9.237 MPa (12.7%) 

in favor of the multiple small bore FHCD technique. This difference proved to be 

significant with a two tailed p-value of 0.023. When analyzing the maximum principal 

tensile stress of the superior cortex with the model accounting for BMD variability did 

not have much effect on reducing the variability in the stress data. This difference 

between FHCD groups did not prove to be significant. 
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Lotz et al. studied the structural behavior of 123 metaphyseal shell specimens of 

cervical and intertrochanteric proximal femora in three point bending from five fresh 

cadaver femora. The average value of ultimate tensile strength for the cervical cortical 

shell was found to be 101 ± 26 MPa in the longitudinal direction and 50 ± 12 MPa in the 

transverse direction [69]. Mayhew et al. reports ultimate stress values for the superior 

cortex of the neck of 198 and 165MPa in compression for men and women [35]. Burstein 

et al. reported compressive yield strength of cortical bone of 185MPa [Burstein]. Mean 

maximum principal stresses calculated for this study were 75.2 MPa in tension on the 

superior cortex and 77.2 MPa in the inferior cortex. It is appropriate to say that the 

fracture in the femoral neck would start at the point of maximum stress that goes beyond 

the bone’s ultimate stress. Neck stresses were calculated at a standardized common 

location between femurs and not at the point of failure which was usually located at the 

subcapital junction of the head and neck on the superior side. This point is several 

millimeters from the fracture site, therefore it is expected that the estimated stresses 

calculated for the neck cross section will be lower than the actual critical stress. However, 

it is reasonable to assume the estimated stress in the neck is proportional to the actual 

failure stress of the sample and therefore it can still be used compare FHCD groups but 

not to quantify ultimate stress.  

The effects of aging on the bone may have also lowered the ultimate stress in the 

samples. The material properties of bone such as ultimate strain, ultimate stress, modulus 

of elasticity, and fracture energy have been shown to decrease with age [50, 51, 54]. 

Martin et al. found cortical bone strength in the femur subjected to bending decreases by 

15%-20% between the ages of 35 and 70. In the same time frame compressive strength of 
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trabecular bone is reduced by about 50% [51]. Zioupos et al. found that in the span of 35 

years the modulus of elasticity fell by 2.3% per decade of life. Ultimate stress fell by 

3.7% from 170MPa. Fracture toughness fell by 3% from 1.2kJ. There is also  a reduced 

critical stress required to initiate a macrocrack which is preceded by less micro damage 

and less energy to produce failure [54]. 

 Since the neck to shaft angle, head radius, cortical area, and second moment of 

area did not show significant difference between paired samples, these properties 

between paired samples can be assumed to be the same. The same can be said of the 

BMD measurements between pairs. A significant difference was found in stress 

estimation from the regression model which also accounts for BMD variation. This 

means that the geometrical properties and material properties that are used to calculate 

stress can be assumed to be the same between pairs. With this assumption, the cortical 

bone of the paired femoral necks should fail at the same critical stress. The failure stress 

that was estimated for this analysis only considered the cortical bone geometry, so the 

stress calculated is artificially inflated because the trabecular bone is also responsible for 

carrying a portion of the load and stress in the neck. Therefore, a difference in calculated 

stress experienced by femoral neck, in this instance, can be directly attributed to the 

difference in contribution of load carrying ability by the trabecular network of the neck. 

The multiple small bore FHCD technique was estimated to experience greater stress than 

the single large bore FHCD technique. With these assumptions, the trabecular network in 

the neck of the femurs with the multiple small bore FHCD technique was less disrupted 

by the core decompression technique and was therefore able to support more load than 

the single large bore FHCD technique. 
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 In addition to the limitations discussed in chapter two the following limitations 

apply to this analysis. The estimated stresses in this analysis do not reflect the actual 

stresses seen in the bone due to the fact that the contribution of stress transmission 

through the trabecular network within the neck was not estimated. Cortical thickness may 

have also been overestimated due to partial volume effect of the voxels, especially in the 

superior cortex of the neck where the bone is thin (~1mm). This leads to artificially 

increased cross sectional area and second moment of area thereby lowering the estimated 

stress for the cross sections. This may have also contributed to the lack of a significant 

difference between FHCD groups regarding the tensile stress calculations for the superior 

cortex. However, since this is a comparative study the differences in estimated stresses 

and not the stresses themselves are of key importance, especially since stress estimation 

was used to normalize the loading data from Chapter Two.  Stress estimation was also 

simplified to a two dimensional analysis which may not accurately characterize the 

system. The stress and strain fields in the proximal femur are very complex due to the 

organic geometry, changing cortex thickness, and variable material properties of the 

cortical and trabecular bone. 

Due to the small sample size and the focus of this study a very fundamental 

question is still left unanswered. That is, what is the change in proximal femur strength 

after FHCD as compared to a normal proximal femur? This question may best be 

answered with a validated finite element model that includes the support provided by the 

individual trabecular support groups and muscle attachment to the greater trochanter for 

an average individual. Several finite element studies have been used to assess the stress 

and strain fields of the proximal femur in normal weigh bearing and falling scenarios [2, 
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70-75] and have proven to offer new insight into the stress distribution throughout the 

both the cortex and trabecular network of the proximal femur. A standardized FEA model 

of the proximal femur may be able to better quantify the differences and areas of interest 

regarding the two FHCD techniques, and perhaps help to improve the FHCD technique 

by testing variations of bore size and placement in a simulation that also contains 

physiologic muscle and joint forces. 

 
 

 Conclusion 
 

To truly account for the variability of femur strength between matched pairs of 

femurs both the material properties of the bone and the geometric properties of the bone 

need to be considered. The BMD of the femur cortical and tubercular bone is 

highly correlated with ultimate strength. Using a mixed paired ANCOVA linear 

regression model and accounting for these differences in BMD between paired samples 

the variability in the peak load caused by differences in bone material strength between 

paired samples can be reduced. Using cortical neck and head BMD as a covariate within 

this model  the adjusted mean difference in peak load is 440.9 N which is a 8.8% 

difference in peak load in favor of the modern multiple small bore FHCD technique. 

Differences in fracture energy showed a trend toward the multiple small bore FHCD 

technique absorbing more energy however this did not prove to be significant.  

When normalizing the geometrical differences between samples through stress 

estimation. Significant differences appeared in axial stress, shear stress, and maximum 

principal compressive stress of 1.55 MPa (9.3%), 1.62 MPa (11.8%), and 8.52 MPa 

(10.5%) respectively. Maximum principal tensile stress did not show significant 
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differences between groups. Using maximum principal stresses in a mixed paired 

ANCOVA linear regression with cortical head and neck BMD as the covariate variable, 

provided adjusted maximum principal stresses that account for variations in material 

properties between samples. From the model, the maximum principal compressive stress 

in the inferior cortex showed a significant difference of 9.20 MPa (11.4%). Adjusting for 

BMD did not show a significant difference in maximum principal tensile stress in the 

superior cortex. 

The results from these studies suggest that the trabecular network plays an 

important role in supporting weight bearing load in the proximal femur and that the 

volume and location of trabecular bone removed through FHCD has an important effect 

in femur neck strength.  The overall conclusion is that there is a significant difference in 

strength of the femoral neck between the traditional single large bore FHCD and modern 

multiple small bore FHCD techniques analyzed in this study. There is about a 10% less 

loss in strength going from the traditional single large bore technique to the modern 

multiple small bore technique. This is thought to be due to varying degrees of disruption 

and damage of the supporting principal tensile and compressive trabecular groups 

between the two FHCD techniques. The multiple small bore FHCD technique appears to 

cause less functional damage.  
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Appendix 
 

Table 16: Test Data 

Test Information  Specimen Information 

Test ID   
Specimen 

ID  
Side 
(R/L) 

Hole 
Size 
(mm)

Total  
Neck 
length 
(mm) 

Neck 
segment 
Length 
(mm) 

Shaft A/P 
Diameter 
(mm) 

Shaft S/I    
Diameter   
(mm) 

Head 
A/P 

Radius 
(mm) 

Neck 
to 

Shaft 
Angle 
(deg) 

780F  001  L  3  94.05 42.83 0.00 0.00  22.89 135.14

797F  002  R  3  94.53 48.97 0.00 0.00  20.22 145.13

796F  003  L  3  84.46 38.43 0.00 0.00  19.66 128.49

790M  004  R  3  100.80 51.54 0.00 0.00  25.54 124.62

UknM  005  L  3  101.80 47.07 0.00 0.00  25.22 122.67

795F  006  L  3  100.57 50.81 0.00 0.00  22.55 128.98

805F  008  R  3  92.06 44.69 0.00 0.00  21.90 129.46

770F  009  L  3  89.88 48.59 0.00 0.00  21.62 137.86

769F  010  R  3  94.50 49.47 0.00 0.00  21.30 124.44

UknM2  011  L  3  106.70 54.79 0.00 0.00  25.07 132.10

791F  012  R  3  89.91 48.69 0.00 0.00  20.74 122.72

776F  013  L  3  107.99 57.95 0.00 0.00  23.87 124.10

780F  001  R  8  93.00 42.50 0.00 0.00  22.25 134.55

797F  002  L  8  90.19 47.12 0.00 0.00  19.75 139.76

796F  003  R  8  85.13 40.22 0.00 0.00  21.45 121.52

790M  004  L  8  98.76 42.23 0.00 0.00  25.47 124.85

UknM  005  R  8  105.02 54.97 0.00 0.00  24.80 130.54

795F  006  R  8  97.61 46.99 0.00 0.00  22.77 123.79

805F  008  L  8  89.60 43.57 0.00 0.00  20.56 127.91

770F  009  R  8  88.48 48.04 0.00 0.00  21.67 137.18

769F  010  L  8  91.62 46.14 0.00 0.00  21.74 127.99
UknM2  011  R  8  111.19 58.63 0.00 0.00  25.66 135.97
791F  012  L  8  88.51 45.92 0.00 0.00  21.07 122.97

776F  013  R  8  110.26 61.15 0.00 0.00  24.10 124.97
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Table 16: Test Data (cont) 

Test Information  Specimen Orientation  Patient Information 

Specimen 
ID  

Hole Size 
(mm) 

Measured 
MTS 
Angle 1 

Measured 
MTS 
Angle 2 

Shaft to 
MTS 
Angle 
(deg) 

Neck to 
MTS 
angle 
(deg) 

Age   Gender (M/F) 

001  3  80.43 77.70 10.9325 33.93 63  F 

002  3  88.23 81.21 5.2825 29.5875 50  F 

003  3  79.63 75.16 12.606 38.904 83  F 

004  3  88.42 83.83 3.875 51.505 82  M 

005  3  80.43 80.97 9.3005 48.0295    M 

006  3  77.92 77.93 12.0755 38.9445 90  M 

008  3  84.70 81.76 6.7685 43.7715 60  F 

009  3  86.85 75.69 8.73 33.41 60  F 

010  3  80.45 83.98 7.786 47.774 88  M 

011  3  79.40 79.61 10.492 37.408    M 

012  3  85.37 85.52 4.56 52.72 92  F 

013  3  81.39 81.25 8.685 47.215 90  F 

001  8  82.71 82.01 7.643 37.807 63  F 

002  8  81.83 72.23 12.9705 27.2695 50  F 

003  8  80.30 76.80 11.448 47.032 83  F 

004  8  77.90 72.08 15.011 40.139 82  M 

005  8  84.44 84.49 5.536 43.924    M 

006  8  81.41 78.21 10.192 46.018 90  M 

008  8  79.55 76.05 12.1995 39.8905 60  F 

009  8  75.74 79.15 12.5555 30.2645 60  F 

010  8  83.04 82.69 7.1335 44.8765 88  M 
011  8  83.19 82.88 6.966 37.064    M 
012  8  94.75 95.95 5.346 51.684 92  F 

013  8  84.28 87.28 4.2205 50.8095 90  F 
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Table 16: Test Data (cont) 

Test Information  Cross Section Information 

Specimen ID  
Hole 
Size 
(mm) 

A/P 
Diameter 
(mm) 

S/I            
Diameter      
(mm) 

Cortical Bone 
Section Area 

(mm2) 

Cortical Bone 
Second Moment 
of Area (mm4) 

001  3  28.04 32.49 190.23  17718.74

002  3  26.51 26.56 154.53  10791.13

003  3  25.85 32.71 127.63  10717.88

004  3  34.39 37.10 141.82  22036.13

005  3  27.16 35.57 175.56  22338.92

006  3  29.57 31.83 165.29  18903.54

008  3  28.26 30.52 110.03  7475.76

009  3  25.88 27.46 156.49  11334.80

010  3  23.05 30.73 204.90  20772.29

011  3  28.71 37.06 190.23  24938.46

012  3  22.18 28.77 107.58  10409.34

013  3  30.01 34.00 121.77  17060.76

001  8  28.26 33.37 200.99  17142.29

002  8  26.94 28.76 159.91  11182.06

003  8  25.85 34.04 166.27  18920.59

004  8  31.54 41.49 144.75  28406.31

005  8  28.70 32.93 159.91  16151.82

006  8  31.77 33.15 160.89  19677.15

008  8  26.73 30.30 111.99  8873.47

009  8  25.63 27.66 158.44  11115.57

010  8  24.14 30.73 184.85  17497.16
011  8  28.49 35.31 188.76  26526.63
012  8  21.31 28.55 104.65  10075.33

013  8  28.27 34.87 144.26  20434.91
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Table 16: Test Data (cont) 

Test Information  Bone Properties 

Specimen 
ID  

Hole 
Size 
(mm) 

Apparent 
BMD Cortical  
Neck and 
Head      

(mg/ cm3) 

Apparent 
BMD 

Cortical  
Shaft      

(mg/ cm3) 

Apparent 
BMD 

Trabecular  
Proximal 
total        

(mg/ cm3) 

Apparent 
BMD 

Trabecular  
Neck       

(mg/ cm3) 

Apparent 
BMD 

Trabecular   
Greater 

Trochanter 
(mg/ cm3) 

001  3  855.8  1565.4 263.3 195.3  145

002  3  879.3  1600.4 274.3 277.3  71.2

003  3  902.3  1617.4 70.5 52.6  50.9

004  3  739.3  1525.5 131.2 0.2  94.9

005  3  717  1483 162.3 97.2  107

006  3  825.3  1536.6 260.4 163  179.7

008  3  635.9  1430.5 177.2 107.9  113

009  3  814.7  1534.1 207.3 162.1  141.9

010  3  758.2  1463.4 253.9 255.3  217.9

011  3  768.1  1460.8 298.9 298.2  182.9

012  3  596.3  1251.4 75.6 15.8  1.1

013  3  742.3  1456.5 151.1 61.1  72.8

001  8  918.2  1553.2 255.5 230.4  155

002  8  980.8  1600.6 286.1 180.6  94.8

003  8  920.4  1634.5 136.5 26.6  25.5

004  8  663.8  1434.5 107.2 0.0  87.4

005  8  616  1305 149 161.1  102

006  8  876.2  1597.9 246.9 169.6  149.3

008  8  700.4  1500.4 202.8 134.1  102.3

009  8  858  1571 213.9 194.3  117.5

010  8  703.6  1453.4 224.6 197.3  206.9
011  8  723.3  1474.8 307.7 300.2  182.3
012  8  626.6  1311 91.1 52.2  8.2

013  8  727.6  1449.4 143 54  62.8
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Table 16: Test Data (cont) 

Test 
Information 

Tissue Estimated Stresses 

Spe
c ID  

Hole 
Size 
(mm) 

Peak 
Comp 
Bending 
Stress     
(MPa) 

Peak 
Tens 

Bending 
Stress     
(MPa) 

Peak 
Shear 
Stress     
(MPa) 

Peak 
Axial 
Stress     
(MPa) 

Peak 
Comp 
Stress     
(MPa) 

Peak 
Tens  
Stress    
(MPa) 

Principal 
Max 
Comp 
Stress     
(Mpa) 

Principal 
Max 

Tensile 
Stress      
(Mpa) 

001  3  57.05  101.99  20.12 20.89 77.94 81.10  82.83  85.82

002  3  77.59  101.52  23.28 28.62 106.22 72.89  111.10  79.69

003  3  46.50  79.77  17.53 15.16 61.66 64.61  66.29  69.06

004  3  55.30  77.90  21.86 12.14 67.43 65.76  73.90  72.36

005  3  44.41  74.21  17.47 10.97 55.38 63.24  60.43  67.74

006  3  79.56  92.20  28.97 25.03 104.59 67.17  112.08  77.94

008  3  85.49  183.67  29.12 21.21 106.70 162.46  114.13  167.52

009  3  69.34  100.15  21.95 23.23 92.57 76.92  97.51  82.74

010  3  48.46  66.77  18.24 11.56 60.03 55.21  65.13  60.69

011  3  71.44  148.18  29.86 27.27 98.71 120.91  107.04  127.88

012  3  38.54  45.47  14.01 7.44 45.98 38.03  49.91  42.63

013  3  49.55  79.34  23.02 14.87 64.41 64.47  71.79  71.84

001  8  72.61  122.38  22.74 20.47 93.08 101.91  98.34  106.76

002  8  71.32  95.70  22.25 30.14 101.46 65.56  106.13  72.40

003  8  41.06  60.58  16.06 10.45 51.51 50.13  56.11  54.84

004  8  20.35  34.17  10.01 8.29 28.64 25.88  31.79  29.30

005  8  38.35  77.04  14.61 10.59 48.94 66.45  52.97  69.52

006  8  77.61  102.46  30.74 20.71 98.33 81.75  107.14  92.02

008  8  67.17  121.65  25.38 21.19 88.36 100.46  95.13  106.51

009  8  66.76  91.85  19.85 23.75 90.51 68.10  94.67  73.46

010  8  36.81  59.71  13.98 9.80 46.62 49.91  50.49  53.56
011  8  67.39  108.75  26.53 24.53 91.91 84.22  99.02  91.88
012  8  34.05  50.77  13.86 7.64 41.69 43.13  45.87  47.20

013  8  49.78  75.55  21.50 12.24 62.01 63.32  68.74  69.93
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Table 17: Pearson Correlation Table relating dependent variables of force, energy, 
and stress to independent variables of age and BMD 

Independent Variables 
 
 
 
 
 
 
 
   Dependent Variables  A

ge
 (y
r)
 

BM
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/ 
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3 )
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D
 T
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r 
to
ta
l 

(g
/ 
cm

3 )
 

Peak Load 
(N) 

Correlation  ‐0.5935  0.5921  0.5365  0.623  0.8156  0.9141 
p‐value  0.0058*  0.0023*  0.0069*  0.0011*  <0.0001*  <0.0001* 

Peak Shear 
(N) 

Correlation  ‐0.2761  0.4608  0.4516  0.7055  0.7445  0.8541 
p‐value  0.2387  0.0234*  0.0267*  0.0001*  <0.0001*  <0.0001* 

Peak Axial 
Load (N) 

Correlation  ‐0.6939  0.6175  0.5455  0.5609  0.8113  0.8961 
p‐value  0.0007*  0.0013*  0.0058*  0.0044*  <0.0001*  <0.0001* 

Peak 
Moment     
(N‐mm) 

Correlation  ‐0.1703  0.328  0.3423  0.6943  0.685  0.7871 
p‐value  0.4728  0.1177  0.1015  0.0002*  0.0002*  <0.0001* 

Energy         
(J) 

Correlation  ‐0.671  0.3883  0.3025  0.4923  0.7868  0.8332 
p‐value  0.0012*  0.0608  0.1507  0.0145*  <0.0001*  <0.0001* 

Peak Axial 
Stress  (MPa) 

Correlation  ‐0.7741  0.5705  0.5521  0.3917  0.6772  0.783 
p‐value  <0.0001*  0.0036*  0.0052*  0.0584  0.0003*  <0.0001* 

Peak Shear 
Stress (MPa) 

Correlation  ‐0.3004  0.2986  0.3767  0.4227  0.4722  0.6245 
p‐value  0.1981  0.1565  0.0696  0.0396*  0.0198*  0.0011* 

Peak 
Compressive 
Bending 

Stress (MPa) 

Correlation  ‐0.5934  0.4499  0.479  0.3971  0.5676  0.6873 
p‐value  0.0058*  0.0274*  0.0179*  0.0547  0.0038*  0.0002* 

Peak Tensile 
Bending 

Stress (MPa) 

Correlation  ‐0.6276  0.1762  0.2581  0.3794  0.5035  0.5425 
p‐value  0.0031*  0.4103  0.2234  0.0675  0.0121*  0.0062* 

Peak Comp 
Stress (MPa) 

Correlation  ‐0.6618  0.4976  0.5131  0.4055  0.6149  0.7334 
p‐value  0.0015*  0.0134*  0.0103*  0.0493*  0.0014*  <0.0001* 

Peak Tensile  
Stress (MPa) 

Correlation  ‐0.5305  0.0599  0.1602  0.3428  0.4147  0.4332 
p‐value  0.0161*  0.7811  0.4546  0.101  0.0439*  0.0344* 

Principal 
Max 

Compressive 
Stress (MPa) 

Correlation  ‐0.6464  0.4896  0.5087  0.4083  0.6102  0.7316 
p‐value  0.0021*  0.0152*  0.0111*  0.0476*  0.0015*  <0.001* 

Principal 
Max Tensile 
Stress (MPa) 

Correlation  ‐0.5235  0.0717  0.1722  0.3507  0.4209  0.4472 
p‐value  0.0178*  0.739  0.4211  0.0929  0.0405*  0.0284* 

 * Indicates statistical significance (p<0.5)
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Table 18: Pearson Correlation Table relating dependent variables of force, energy, 

and stress to independent variables of bone geometric properties 

  Independent Variables 
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Peak Load 
(N) 

Correlation  0.0439  0.6895  0.227  0.2601  0.6072  0.1631 
p‐value  0.8386  0.0002*  0.2862  0.2197  0.0017*  0.4463 

Peak Shear 
(N) 

Correlation  0.2195  0.4044  0.3869  0.3655  0.6397  0.3404 
p‐value  0.3028  0.05  0.0618  0.079  0.0008*  0.1036 

Peak Axial 
Load (N) 

Correlation  ‐0.0351  0.7858  0.142  0.1988  0.5641  0.0765 
p‐value  0.8706  <0.0001*  0.508  0.3518  0.0041*  0.7225 

Peak 
Moment (N‐

mm) 

Correlation  0.4139  0.3137  0.5357  0.4474  0.6376  0.4822 
p‐value  0.0444*  0.1355  0.007*  0.0284*  0.0008*  0.017* 

Energy (J)  Correlation  0.1016  0.693  0.3228  0.1423  0.4911  0.1541 
p‐value  0.6366  0.0002*  0.1239  0.507  0.0148*  0.4723 

Peak Axial 
Stress  (Mpa) 

Correlation  ‐0.189  0.8015  0.0373  0.2079  0.254  ‐0.1803 
p‐value  0.3764  <0.0001*  0.8625  0.3295  0.231  0.3992 

Peak Shear 
Stress (MPa) 

Correlation  0.0642  0.3069  0.3038  0.4253  0.1147  ‐0.0097 
p‐value  0.7657  0.1446  0.1489  0.0383*  0.5934  0.964 

Peak 
Compressive 
Bending 

Stress (MPa) 

Correlation  ‐0.1864  0.581  0.0315  0.2558  0.1506  ‐0.2573 
p‐value  0.383  0.0029*  0.884  0.2275  0.4824  0.2249 

Peak Tensile 
Bending 

Stress (MPa) 

Correlation  ‐0.0192  0.4557  0.0896  0.2541  0.0872  ‐0.2193 
p‐value  0.9289  0.0252*  0.6772  0.2309  0.6855  0.3033 

Peak Comp 
Stress (MPa) 

Correlation  ‐0.1919  0.662  0.034  0.2479  0.1855  ‐0.2406 
p‐value  0.3689  0.0004*  0.8746  0.2428  0.3854  0.2574 

Peak Tensile  
Stress (MPa) 

Correlation  0.0258  0.3272  0.0951  0.2435  0.0369  ‐0.2099 
p‐value  0.9046  0.1186  0.6586  0.2516  0.8642  0.3249 

Principal 
Max 

Compressive 
Stress (Mpa) 

Correlation  ‐0.1783  0.646  0.0502  0.26  0.1822  ‐0.2288 
p‐value  0.4045  0.0007*  0.8157  0.2198  0.394  0.2821 

Principal 
Max Tensile 
Stress (Mpa) 

Correlation  0.0281  0.3284  0.107  0.2566  0.0398  ‐0.2024 
p‐value  0.8964  0.1171  0.6186  0.226  0.8535  0.3429 

* Indicates statistical significance (p<0.5) 
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Figure 45: Bar Graph showing the Failure Energy expended by each femur by 
pairs. 

 
Figure 46: Bar graph of the relative difference in failure energy between the 1x8mm 
core decompression and the 3x3mm core decompression samples (left). Box plot the 

mean failure energy by core decompression technique (right). 
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Figure 47: Bar Graph showing the peak compressive load withstood by each femur 

by pairs. 

 

Figure 48: Bar graph of the relative difference in peak load between the 1x8mm 
core decompression and the 3x3mm core decompression samples (left). Box plot the 

mean failure energy by core decompression technique (right). 
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Figure 49: Bar Graph showing the peak axial neck load withstood by each femur by 

pairs. 

 
Figure 50: Bar graph of the relative difference in peak axial neck load between the 
1x8mm core decompression and the 3x3mm core decompression samples (left). Box 

plot the mean failure energy by core decompression technique (right). 
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Figure 51: Bar Graph showing the peak shear neck load withstood by each femur 

by pairs. 

 
Figure 52: Bar graph of the relative difference in peak shear neck load between the 
1x8mm core decompression and the 3x3mm core decompression samples (left). Box 

plot the mean failure energy by core decompression technique (right). 
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Figure 53: Bar Graph showing the peak neck moment withstood by each femur by 

pairs. 

 
Figure 54: Bar graph of the relative difference in peak neck moment between the 

1x8mm core decompression and the 3x3mm core decompression samples (left). Box 
plot the mean failure energy by core decompression technique (right). 
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Figure 55: Bar Graph showing the peak axial stress withstood by each femur by 

pairs. 

 
Figure 56: Bar graph of the relative difference in peak axial stress between the 

1x8mm core decompression and the 3x3mm core decompression samples (left). Box 
plot the mean failure energy by core decompression technique (right). 
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Figure 57: Bar Graph showing the peak shear stress withstood by each femur by 

pairs. 

 
Figure 58: Bar graph of the relative difference in peak shear stress between the 

1x8mm core decompression and the 3x3mm core decompression samples (left). Box 
plot the mean failure energy by core decompression technique (right). 
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Figure 59: Bar Graph showing the peak tensile bending stress load withstood by 

each femur by pairs. 

 
Figure 60: Bar graph of the relative difference in peak tensile bending stress 
between the 1x8mm core decompression and the 3x3mm core decompression 

samples (left). Box plot the mean failure energy by core decompression technique 
(right). 
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Figure 61: Bar Graph showing the peak compressive bending stress withstood by 

each femur by pairs. 

 
Figure 62: Bar graph of the relative difference in peak compressive bending stress 

between the 1x8mm core decompression and the 3x3mm core decompression 
samples (left). Box plot the mean failure energy by core decompression technique 

(right). 
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Figure 63: Bar Graph showing the neck to shaft angle for each femur by pairs. 

 
Figure 64: Bar graph of the relative difference in neck to shaft angle between the 

1x8mm core decompression and the 3x3mm core decompression samples (left). Box 
plot the mean failure energy by core decompression technique (right). 
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Figure 65: Bar Graph showing the cortical neck area for each femur by pairs. 

 
Figure 66: Bar graph of the relative difference in cortical neck area between the 

1x8mm core decompression and the 3x3mm core decompression samples (left). Box 
plot the mean failure energy by core decompression technique (right). 
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Figure 67: Bar Graph showing the cortical neck second moment of area for each 

femur by pairs. 

 
Figure 68: Bar graph of the relative difference in cortical neck second moment of 
area between the 1x8mm core decompression and the 3x3mm core decompression 
samples (left). Box plot the mean failure energy by core decompression technique 

(right). 
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Figure 69: Bar Graph showing the peak tensile stress withstood by each femur by 

pairs. 

 
Figure 70: Bar graph of the relative difference in peak tensile stress between the 

1x8mm core decompression and the 3x3mm core decompression samples (left). Box 
plot the mean failure energy by core decompression technique (right). 
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Figure 71: Bar Graph showing the peak compressive stress withstood by each femur 

by pairs. 

 
Figure 72: Bar graph of the relative difference in peak compressive stress between 
the 1x8mm core decompression and the 3x3mm core decompression samples (left). 

Box plot the mean failure energy by core decompression technique (right). 
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Figure 73: Bar Graph showing the peak principal compressive stress withstood by 

each femur by pairs. 

 
Figure 74: Bar graph of the relative difference in peak principal compressive stress 

between the 1x8mm core decompression and the 3x3mm core decompression 
samples (left). Box plot the mean failure energy by core decompression technique 

(right). 
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Figure 75: Bar Graph showing the peak principal tensile stress withstood by each 

femur by pairs. 

 
Figure 76: Bar graph of the relative difference in peak principal tensile stress 
between the 1x8mm core decompression and the 3x3mm core decompression 

samples (left). Box plot the mean failure energy by core decompression technique 
(right). 
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 Summary of Research 
 

The research presented in this thesis has yielded significant contributions to the 

field of injury biomechanics and orthopedics, particularly to the field of femoral neck 

fracture.  The research outlined in this thesis has fulfilled the following objectives: 

1. A repeatable method of proximal femur tissue preparation and compression 

testing was developed along with a method of BMD measurements from QCT 

to quantify the difference in 12 matched pairs of proximal femurs femoral 

neck strength from two different FHCD techniques. 

2. A systematic method of anatomical measurements and stress estimation for a 

standardized femoral neck cross section was developed and used together with 

BMD to perform regression analysis to further quantify the difference in 

femoral neck strength. 

Research outlined in chapters two and three as well as related research involving 

finite element analysis of the femoral neck are expected to be published in scientific 

journals and presented at relevant scientific conferences as shown in Table 19.  

 

Table 19: Publication plan for research outlined in this thesis 

Chapter Topic 
2 Biomechanical Comparison of Two Hip Core Decompression 

Techniques 
3 Method for Stress Normalization in Biomechanical Testing of 

Femoral Head Core Decompression 
4 Biomechanical Analysis of Femoral Head Core 

Decompression Techniques using Finite Element Analysis 
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