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SUMMARY 

 

Diagnostic radiologists or orthopaedic surgeons practicing percutaneous 

vertebroplasty inject viscous polymethylmethacrylate bone cement into fractured 

vertebrae increasing the strength and stiffness of the vertebrae as the biocompatible 

polymer hardens.  The volume and spatial distribution of bone cement is currently 

determined empirically.  Even cement viscosity is altered to suit the working style of 

the surgeon or radiologist.  As with all surgical procedures, risks are implicated and it 

manifests in the form of cement leakage and the subsequent fracture of adjacent 

vertebrae. 

Reduction in the volume of bone cement injected has been theorized to reduce 

the risk of leakage as well as subsequent fractures.  However, volume reduction may 

also reduce the effectiveness of the percutaneous vertebroplasty procedure.  Ex vivo 

biomechanical tests have been used to investigate ideal cement volume and 

distribution.  Results are still inconclusive, as the number of parameters involved 

requires substantial number of specimens, in order to be statistically significant.  

Computational biomechanics offers an attractive alternative solution.  Computational 

models of the vertebra can be re-used to evaluate surgical parameters, eliminating 

considerations inherent to specimen variation.  However, current models for 

percutaneous vertebroplasty are inadequate for in-depth research and are also 

restricted to post-procedure stress/strain analysis.  Intraosseous flow visualization is 

not possible and cement distributions are generic and idealized in these models. 

An improved finite volume meshing platform, using patient clinical computed 

tomography datasets as input, have been developed to provide better computational 



 

models.  Also in this dissertation, through experimental means, models describing a 

relationship between CT Hounsfield units, vertebral cancellous bone permeability 

( ) and the viscosity – time behaviour of SimplexP
®
 

polymethylmethacrylate bone cement ( 4.021.08.1 )(09.0)( +!
=

tt
et "# & ) were determined.  

These mathematical models were used as inputs for the computational simulation. 

Their parameters could be altered subsequently, when more accurate models are 

developed. 

Percutaneous vertebroplasty simulation was performed on 4 cadaver lumbar 

vertebrae specimens, which were clinically imaged both before and after bone cement 

injection, using computed tomography.  Image datasets before percutaneous 

vertebroplasty were used to generate finite volume models and simulations were 

performed according to actual procedural parameters.  Based on the comparison of 

bone cement filled areas in the post procedural image datasets and results from 

simulation, 67.6% of the final bone cement spatial distribution could be predicted. 

Unfortunately, as with all finite volume modeling, computational resources 

were the main limitation in this dissertation.  Clinical computed tomography datasets 

had to be re-sampled to a lower resolution such that the finite volume mesh generated 

would have a computationally reasonable number of elements.  This also resulted in 

an averaging of the CT attenuation and therefore permeability values, which was 

probably detrimental to detailed modeling.  The accuracy of the mathematical models 

derived in this dissertation needs to be further tested experimentally as the number of 

specimens was limited for economic or logistic reasons.  However, it represents a 

good starting ground for future work on computational modeling of intraosseous 

PMMA bone cement flow.  The robust nature of the modeling and simulation 

framework developed through this dissertation allows these improvements to be made 



 

more readily.  In the future, finite volume meshes could eventually be generated from 

higher resolution clinical CT datasets as greater computational resources become 

available. 
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1 Introduction 

1.1 Motivation 

Osteoporosis is the gradual decline in bone mass and bone quality with 

increasing age.  This progressive decrease results in increased bone fragility and 

susceptibility to fractures.  It has been projected that in Singapore, from the year 

2000 to 2030, there will be a 372% increase in the population of Singaporeans 

aged above 65 [Ministry of Health, Singapore, 2003].  As with all aging 

populations, osteoporosis poses a major public health threat.  The World Health 

Organization in 2001 reported the prevalence of women having osteoporosis to be 

8% for women between ages 60-69 years, 25% for women between ages 70-79 

years, and 48% for women above the age of 80 years [Lin et al., 2001].  The 

burden of osteoporosis lies not only in the hospitalization from fractures, but also 

morbidity that arises from a lowered quality of life, increased disability, and 

reduced independence.   

Osteoporotic fractures frequently occurs with minimal or no trauma.  Many 

a time, the fractures occur during normal daily activities, activities that subject the 

spinal column to compressive physiological loads.  In the United States alone, of 

the 1.5 million osteoporotic fractures reported annually, approximately half were 

vertebral compression fractures (VCF).  Progressive or immediate vertebral 

collapse was inherent after fracture, causing vertebral column instability.  

Conservative treatment of VCF involves a combination of rest, external support of 

the spinal column, anti-inflammatory agents and analgesics.  Unfortunately, some 

patients do not respond well to these treatments.  Invasive surgical procedures, 

involving internal fixation and stabilization are not feasible, as osteoporotic 
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patients have bone too porous to provide robust anchoring for spinal 

instrumentation.  Age of patients is also a consideration against surgery. 

Percutaneous vertebroplasty or simple vertebroplasty, is the augmentation 

of fractured vertebrae using polymethylmethacrylate (PMMA) cement, is an 

alternative treatment for VCF, and is fast gaining popularity.  This popularity is 

driven partly by patients experiencing rapid and tremendous relief from pain and 

some are completely pain free after treatment. Vertebroplasty involves the 

fluoroscopy-guided insertion of a hollow bone needle through the skin, into the 

fractured vertebrae via the pedicles, and the subsequent injection of viscous 

PMMA cement (Figure 1).  Patients are to remain in a sedentary state until the 

solidification of the biocompatible PMMA cement. 

As with all surgical procedures, complications may occur.  PMMA cement 

extravasation is the main source of clinical complications, if the cement leaks or 

extravates beyond the fractured vertebra and into the surrounding regions.  

Another post-surgery complication is in the form of failure of adjacent non-

augmented vertebral bodies.  This is caused by a ‘stress-riser’ effect and a 

significant difference in biomechanical properties between the two adjacent 

vertebrae.   
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Figure 1 Percutaneous Vertebroplasty procedure. 

Vertebroplasty involves the fluoroscopy-guided insertion of a hollow bone 

needle through the skin, into the fractured vertebrae via the pedicles, and the 

subsequent injection of viscous PMMA cement.  Patients are to remain in a 

sedentary state until the solidification of the biocompatible PMMA cement.  

Image reproduced from www.ubneurosurgery.com.   

 

Currently, the volume and spatial distribution of PMMA cement injected is 

empirical, guided only by experience of the diagnostic radiologist or surgeon 

performing the procedure [Peh and Giula, 2005].  Lowering the amount of volume 

injected may result in a reduction of PMMA cement leakages and the 

biomechanical disparity between adjacent augmented and non-augmented 

vertebrae.  This could however compromise the biomechanical stabilization effect 

from vertebroplasty. 

Several investigators have performed bench top studies to evaluate the 

biomechanical effects of varying PMMA cement volume and different PMMA 

cement spatial distribution within a single vertebra.  Such experimental 

investigations require a large number of specimens in order to demonstrate 

statistical significance.  In addition, biological variability is minimized only if 

ample specimens are used.   
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Computational simulations used to mimic these experiments are therefore 

an attractive alternative approach.  A single computational ‘specimen’ can be 

reused indefinitely, facilitating parametric studies on the biomechanics of 

vertebroplasty.   After an exhaustive literature search, it has been ascertained that 

only four major groups employed the finite element method (FEM) to study post-

vertebroplasty biomechanics computationally.  However, the finite element (FE) 

models remain inadequate and despite having these preliminary computational and 

experimental biomechanical investigations, percutaneous vertebroplasty still lacks 

prospective, randomized and controlled trials to characterize the long-term safety 

and effectiveness of the procedure.  For these reasons, the procedure is still not 

approved by the United State’s Food and Drug Administration; all this despite 

vertebroplasty becoming the treatment of choice for persistently painful 

osteoporotic vertebral fractures.  The volume filled and spatial distribution of 

PMMA bone cement for each vertebra should have more science to it, instead of 

being an ‘art form’. 

1.2 Research Scope and Objectives 

It is hypothesized that engineering computational fluid dynamics (CFD), 

employing the finite volume (FV) method, is capable of providing both patient-

specific visualization and prediction of PMMA bone cement flow path as well as 

spatial distribution that can be used for post-vertebroplasty stress/strain analyses.  

Similar to stress/strain analysis of augmented vertebral bodies, simulating 

intraosseous PMMA bone cement flow can adopt two approaches: (a) model the 

intricate microstructure of cancellous bone or (b) model the cancellous bone as a 

solid, with properties reflecting its porosity.  For intraosseous PMMA bone cement 

flow simulation using CFD, a complete three dimensional (3D) FV mesh of the 
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vertebral body is required.  Micro-scaled computational meshes, which factor the 

cancellous bone intricate microstructure, currently require unrealistic 

computational resources and time.  

The use of computational simulations to study the flow of water through 

different types of soils has been well documented [Diersch and Kolditz, 2002; Das 

et al., 2002; Muccino et al., 1998].  In these models, elements that represent soil 

have physical information in the form of permeability assigned to them (Figure 2). 

Permeability refers to the propensity of a solid to allow fluid to move through its 

pores or interstices.  Experts in the cellular solid field categorized cancellous bone 

as an open-celled porous solid [Gibson, 2005].  In this dissertation, it has been 

assumed that PMMA bone cement flow through porous cancellous bone is 

analogous to water flowing through soil. 

 

 

Figure 2 Use of computational fluid dynamics (CFD) simulation for the 

study of groundwater flow in geosciences. 

Computational fluid dynamics (CFD) employing Finite Volume Method 

(FVM) have been used to predict groundwater flow.  In all FVM 

simulations, a finite volume (FV) mesh must first be generated and this 

usually involves the discretization of the physical domain, as shown in the 

figure above. After which, a FV model is obtained when properties, 

boundary conditions and loading conditions are assigned.  Image reproduced 

from www.rockware.com. 

 



 

6 

Therefore, the broad aim of this dissertation is to develop a methodology to 

automatically generate FV models that are capable of (1) simulating intra-osseous 

PMMA cement flow and (2) post-vertebroplasty stress/strain analyses with 

realistic PMMA cement spatial distribution.  More specifically the objectives are 

as follows: - 

 

• Automatically infer geometric and cancellous bone density 

information from patient CT datasets to generate patient-specific 

FV models suitable for CFD. 

• Develop a mathematical relationship between cancellous bone 

porosity and permeability for CFD. 

• Characterize the rheological properties of PMMA cement for CFD. 

1.3 Overview of Dissertation 

In this introductory chapter, the motivation, research scope and specific 

objectives are discussed.  Chapter 2 presents the necessary background 

information for the in-depth understanding of this dissertation.   Details on the 

present research begin in Chapter 3, with elaborate discussion pertaining to the 

permeability of cancellous bone.  Details on direct perfusion testing, 

microarchitectural analysis and the formulation of mathematical models to predict 

permeability are presented.  Chapter 4 studies the rheological properties of 

SimplexP
®
 PMMA bone cement (Stryker-Howmedica-Osteonics, Mahwah, NJ, 

USA) and a model derived to describe the viscosity – time behaviour.  These 

models are vital for input into computational simulation to ensure realism.  

Chapter 5 describes the algorithms and methods, coded in C language, used to 

automatically generate patient-specific computational models for vertebroplasty 



 

7 

research.  Model generation required radiological datasets as an input, for the 

extraction of geometrical and bone density information.  Chapter 6 demonstrates 

the usage of results obtained from Chapter 3 to Chapter 5, by comparing 

intraosseous bone cement distribution in cadaver lumbar vertebrae undergone 

percutaneous vertebroplasty and results from flow simulation.  Finally in Chapter 

7, the conclusions for this dissertation and possible future work to improve the 

research described here are discussed. 

. 
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2 Literature Review 

2.1 Introduction 

In this chapter, a detailed background required for a better understanding of 

this dissertation will be presented. Relevant publications referred upon throughout 

the course of this dissertation are presented here.  The terms used to describe 

anatomical planes and directions (Section 2.2) are first established and following 

this is an introduction to computed tomography (Section 2.3) and the human spine, 

including the components of the vertebrae (Section 2.4).  This background is a 

prelude to the main issue of compression fractures of the vertebrae, aggravated by 

osteoporosis (Section 2.5) and how percutaneous vertebroplasty is employed to 

repair these fractures (Section 2.6). Subsequently, the complications associated 

with percutaneous vertebroplasty are highlighted (Section 2.6.4).  The need to 

reduce these complications has evoked this dissertation.  The last three sections 

introduce specific knowledge required to develop proper models for computational 

biomechanics for vertebroplasty research (Sections 2.7 to 2.10). 

2.2 Anatomical Planes and Directions 

Throughout this dissertation, terms used to describe direction and two 

dimensional (2D) planes in the field of anatomy will be used widely, and therefore 

they are first introduced here.  Figure 3 illustrates the three anatomical planes 

widely used to describe human anatomy: the sagittal (or lateral), the axial (or 

transverse) and the coronal (or frontal) planes.  The sagittal plane separates the 

body into the left and right sides; by convention, all tomographic slices or planes 
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parallel to this midline plane are called sagittal or parasagittal slices or planes.  The 

transverse or axial plane divides the body into the superior and inferior (top and 

bottom) sections; by convention, tomographic imaging slices parallel to this 

bisecting plane are called transverse or axial slices.  The coronal plane divides the 

body into the anterior and posterior (front and back) halves; again by convention, 

all planes or sections parallel to this plane are called coronal planes or slices.  

Anatomical directions are relative present themselves as opposing pairs.  They are 

used to describe relative positions within the human body, independent of how the 

body is orientated (Table 1).  The superior – inferior direction is sometimes termed 

as longitudinal and both the anterior – posterior and medial – lateral directions are 

grouped as transverse. 

Table 1  Description of anatomical directions 

Terms Medial Lateral Inferior Superior Anterior Posterior 

Direction 
Towards 

the 

midline 

Away 

from the 

midline 

Lower or 

below 

Upper or 

above 

Towards 

the front 

Towards 

the rear 
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Figure 3 Anatomical planes and directions. 

Planes used in anatomy to describe location of 

anatomical structures and their relative 

directions to each other. Image reproduced 

from http://www.spineuniverse.com. 

2.3 Computed Tomography 

Radiological imaging is a non-invasive method of obtaining internal 

information of a patient.  Amongst all the radiological imaging modalities, 

computed tomography (CT) imaging is best suited for bone imaging.  CT imaging 

is a computer-automated technique that combines transmission X-ray imaging with 

tomographical reconstruction.  Knowledge in this section has been obtained from 

Guy and Ffytche [2000] unless otherwise stated. 

2.3.1 Clinical CT Imaging 

Clinical CT is often used to obtain three-dimensional (3D) information of 

the internal structures non-destructively.  CT images have been used for medical 

evaluation of internal organs of patients, and also for geometrical and 
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biomechanical assessments [Genant et al., 1999].  CT scanners used for medical 

evaluation acquire the CT dataset of a particular volume of interest (VOI) within 

the body while the patient is lying on a radio-translucent bed.  The bed is made to 

move into a gantry remotely (Figure 4).  The gantry contains the X-ray tube and 

detector, which are faced towards each other.  Mechanisms within the gantry spin 

the tube and detector 360
0
 around the patient, detecting and capturing X-ray data 

from many angles.  Resultant images are generated utilizing the basic principle that 

the internal organs of patients can be reconstructed by tomography from multiple 

X-ray projections (Appendix B). 

 

      
Figure 4  Clinical computed tomography (CT) scanner. 

Clinical CT scanners that are used clinically typically have the patient lying along the 

central axis of the gantry, or opening (left).  X-ray images are then captures as the X-ray 

source and detectors spins 360
0
 around the patient (right).  Images captured are 

mathematically converted into a stack of 2D images using tomography.  Image on the 

left reproduced from www.info.med.yale.edu and image on the right reproduced from 

www.universal-systems.com.  

 

2.3.2 Description of Pixels and Voxels 

A brief introduction to computer graphics pixels and voxels will be made 

here to facilitate the understanding of acquired image datasets from CT.  Pixels, 
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short for Picture Element, are the smallest entity of a 2D image.  An image is 

divided into a finite number of pixels, arranged in columns and rows.  In CT 

images, the length of each side of a pixel determines if an image is of high or low 

resolution.  To capture intrinsic features of the anatomy, image resolution should 

be as high as the smallest dimension.  Similarly, voxels, short for volume pixel, are 

the smallest entity for a 3D volumetric dataset.  Volumetric datasets are created by 

stacking series of 2D images, thus creating depth and combining adjacent pixels to 

form the box-like voxels.  Resolution of voxels also limits the details of any 

anatomical structure.  CT imaging outputs a series of 2D CT images that can be 

compiled and stacked to produce a 3D volumetric CT dataset. Such a dataset may 

be anisotropic, where the slice thickness is not equal to the in-plane resolution, or 

isotropic, where each voxel has identical dimensions on all 3 sides. Isotropic 

datasets are ideal, as any images created from the stacked dataset will appear of 

equal quality regardless of the plane or direction of reconstruction. 

2.3.3 CT Intensity and Bone Density 

As an X-ray beam passes through an object it will be attenuated by 

Compton scatter and photoelectric absorption, such that the beam exiting from the 

other side of the object will have a lower beam intensity and energy spectrum than 

the entry beam. The amount of attenuation is reflected in each CT voxel or pixel as 

varying brightness or CT density.  In radiology, this CT density is compared to the 

attenuation of water and displayed on a unitless scale as Hounsfield units (HU).  In 

the clinical application, this scale ranges from -4000 to 4000 and water is assigned 

a HU of zero. HU is linearly related to electron density and attenuation. A clinical 
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CT image typically contains 12 bits of data, yielding a possible range of 4096 

shades of gray. Typical computer displays only permit 256 shades of gray (8 bits) 

to be shown. Therefore, CT images typically only show a narrow portion of the 

range of intensities in the dataset. This portion is called the “window”, which can 

have variable “width” representing the range of CT attenuation values displayed, 

and a “level”, which represents the CT value that the window is centered upon. 

Any image may thus theoretically show the entire range of CT values by using a 

window width of 8000 and a level of 0; however this would result in images that 

are of little diagnostic value. Typical values for soft tissues would be a level of 40 

and width of 400 in the torso, and for bone, a level of 400 and width of 2000.  

The attenuation levels in CT closely reflect the electron density of the tissue 

imaged.  Thus, many investigators have used CT attenuation to determine in vivo 

bone density from radiological images.  In an 8-bit grayscale image, air will appear 

black at grayscale intensity of 0 and cortical bone will appear nearly white at 

grayscale intensity of 210 ! 255.  Water, cancellous bone and soft issue will have 

grayscale intensities between these extremes (Figure 5).  On closer inspection of 

the cancellous bone region, it can be seen that a single intensity value is 

insufficient.  Cancellous bone varies in density and therefore its corresponding CT 

attenuation varies accordingly.   
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Figure 5 Clinical CT intensity and vertebral cancellous bone. 

The CT attenuation of vertebral cancellous bone is very much related to its physical density.  

Bone with higher calcium content will tend to have a greater electron density and therefore has 

greater CT attenuation.   It can be seen from the images above that the density of bone is very 

much higher as compared to the surrounding softer anatomical structures (left).  Within 

cancellous bone, there are also variations in CT attenuation, indicating different density 

(middle).  Cancellous bone density is dependent on its inherent microstructure (right).  Image 

on the extreme left was reproduced from http://www.fleshandbones.com; other two images 

were obtained during the course of this dissertation. 

 

2.3.4 Micro CT Imaging and Microarchitecture 

MicroCT (µCT) scanners work similarly to the clinical CT scanners 

mentioned in Section 2.3.1.  However, in some µCT scanners the X-ray source and 

detector remain stationary while the object is free to rotate.  This configuration 

allows the distance between specimen and X-ray source/detector to be varied and 

specimens of variable geometry can then be accommodated, making the scanner 

more flexible. 

Absolute focal point size contributes to the spatial resolution of CT 

scanners.  The larger the focal point size, the lower the ultimate spatial resolution.  

Size of the detector element also determines the ultimate spatial resolution.  The 

combination of the distance between the source and the specimen, focal point and 

detector element size determines the ultimate physical spatial resolution possible.   

Clinical CT scanners have a limited spatial resolution and this is due to 

radiation dose considerations.  To lower spatial resolution by a factor of 2, the 
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radiation dose required to maintain the same signal to noise ratio increases by 4 

times.  Therefore, in order to minimize patient exposure to ionising radiation, 

radiation dose is lowered, thus compromising the resultant image spatial resolution.  

Because ionising radiation is of little concern to non-living objects, micro-level 

image resolutions are obtainable in !CT scanners.  This is achieved by minimizing 

the focal point size.  !CT scanners cannot have a large output dose because when 

electron beams are concentrated into an extremely small focus size, a large X-ray 

current cannot flow without permanent damage to the x-ray source anode.   

µCT scanners usually have harder radiation with higher beam energies, as 

compared to clinical CT scanners, as they have industrial applications in imaging 

materials with higher densities than bone. With the emergence of µCT imaging 

technology we are now able to analyze cancellous bone microarchitecture non-

destructively and in 3D (Figure 5).  It is this 3D microarchitecture that determines 

the ease of fluid flow through cancellous bone by PMMA cement.  

Microarchitecture is the key to permeability of cancellous bone and this is 

elaborated later.  Information for this section has been obtained from Agur and 

Dalley [2004] unless otherwise stated. 

2.4 Basic Anatomy of the Human Spine and Vertebra 

A brief introduction to the human spinal anatomy is essential to appreciate 

the importance of the human spine and vertebra as well as to have a basic 

understanding of the anatomical descriptions mentioned throughout this 

dissertation.  The human spinal column consists of the vertebral column and the 

spinal cord of the human nervous system (Figure 6).  The vertebral column is a 
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central hub of the skeletal system that provides support and permits movements of 

the trunk and skull.  There are four major regions associated with the spine: the 

cervical, thoracic, lumbar and sacral region, each consisting of seven, twelve, five 

and five vertebrae respectively; except for the sacral region where the 5 vertebrae 

are fused, the vertebrae are separated by intervertebral discs and secured to each 

other by interlocking articular processes and ligaments.    Each of these regions has 

a specific spinal curvature, namely a Kyphosis or Lordosis.  These curvatures serve 

the important function of providing strength and balancing the eccentric load of the 

upper body [White and Panjabi, 1990].  

 
Figure 6  Regions and curvature of the human spine. 

The human spine is divided into the cervical, thoracic, lumbar and 

sacral regions.  These are the four major sections of the human 

spinal column each having 7, 12, 5 and a series of fused vertebrae 

respectively.  Each spinal region has its own curvature and over 

curvature will result in physiological problems.  The terms 

Lordosis and Kyphosis are respectively used to describe an inward 

and outward curvature of a portion of vertebral column.  Image 

reproduced from http://www.dcdoctor.com and modified. 
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2.4.1 The Vertebrae and its Components 

Vertebrae of the vertebral column are the bony portions of the spinal 

column.  Their function is to provide support to the upper trunk and protection to 

the spinal cord.  Each vertebra consists of an anterior block of bone, the vertebral 

body with endplates, and a posterior bony ring, known as the vertebral or neural 

arch, containing two transverse, one spinous process and a pair of pedicles (Figure 

7).  The various processes provide attachment for the ligaments and muscles.  End 

plates are osteo-cartilaginous layers which are anchored firmly to the bone of 

underlying vertebral bodies.  The vertebral body is the largest part of a vertebra, 

and has a slightly narrowed central asymmetric “waist” relative to its endplates.  Its 

anterior surface presents a few small apertures, for the passage of nutrient vessels; 

on the posterior surface is one or more large, irregular apertures, for the exit of the 

basi-vertebral veins from the body of the vertebra.  Pedicles are two short, thick 

processes, which project backward, one on either side, from the upper part of the 

body, at the junction of its posterior and lateral surfaces, that attach the rest of the 

verterbral arch to the body.  
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Figure 7  Anatomical components of a typical human vertebra. 

Shown here is an image of the thoracic vertebra, but the cervical 

and lumbar vertebrae consists of same components but different in 

shape.  Components most commonly referred to in this proposal 

are the pedicle, vertebral body and vertebral end plates.  Image 

reproduced from Agur and Dalley [2004] and modified. 

 

2.4.2 Internal structure of the vertebral body 

The vertebral body consists of cancellous or spongy bone tissue, covered by 

a thin shell of cortical or compact bone (Figure 8).  The latter is perforated by 

numerous orifices, for the passage of vessels.  One or two large canals traverse the 

interior cancellous bone of the vertebra for the reception of veins.  These veins 

converge toward openings at the posterior part of the body (Figure 9).  The arch 

and processes projecting from the vertebral body have thick coverings of compact 

tissue.  

Interconnected trabecular rods and struts are the constituents of porous 

cancellous bone.  The trabeculae are more pronounced longitudinally along the 
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superior-inferior (SI) direction and develop in response to greater physiological 

loading in this direction [Wolff’s law, 1892].   

 

 

Figure 8 Internal structure of the vertebral body. 

The vertebral body of the human vertebra consists of cancellous bone enclosed by a thin cortical 

shell.  Here an image of the human vertebra is sectioned along the mid-sagittal plane exposing the 

internal structure.  Upon magnification the porous cancellous bone and compact cortical shell can 

be seen.  Image reproduced from Agur and Dalley [2004] and http://pharyngula.org and 

modified. 

 

2.4.3 Vertebral Venous Plexus 

The spinal venous plexus is a complex network of veins, which drains 

blood, and runs along the entire length of the vertebral column (Figure 9).  The 

plexus can be divided into two groups, external (surrounding the vertebra) and the 

internal (within the vertebra) plexus.  The venous plexus communicates freely with 

each other and with veins of the cranial cavity, neck, thorax, abdomen and pelvis.  

Veins of the venous plexus are valveless allowing for change in the flow direction, 

based on regional pressure differences.  During vertebroplasty, as bone cement is 

injected into the vertebral body, cement is forced to infiltrate the marrow spaces of 

porous cancellous bone.  As these marrow spaces are also in direct communication 
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to the venous plexus, bone cement can therefore potentially migrate into these 

veins and subsequently to other anatomical locations.  

  

 
Figure 9  Vertebral venous plexus 

Figure shows the axial (left) and sagittal (right) cross-section of the human spine, 

schematically illustrating the network of the vertebral venous plexus (darker grey). 

Image reproduced from Agur and Dalley [2004]. 

 

2.4.4 Intervertebral Disc 

The soft tissue that separates two vertebral bodies is known as the 

intervertebral disc or (IV) disc.  It is comprised of two components: the nucleus 

pulposus and the annulus fibrosus (Figure 10).  The nucleus of a non-degenerated 

disc is a soft water-like gel and the annulus consists of thick concentric “fences” of 

collagen arranged in a cross-linked manner on the periphery.  The nucleus 

functions in a similar manner to a hydrostatic pressure vessel, which can 

accommodate an increase in IV disc pressure.  As a result, the disc behaves like a 

shock absorber.  By allowing movements between vertebral bodies, the IV disc 

transmits loads between two adjacent vertebral bodies and simultaneously confers 

flexibility to the spinal column. 



 

21 

 

 
Figure 10  Intervertebral (IV) disc of the human spine 

Consisting of a nucleus pulposus surrounded by an annulus fibrosus, the IV disc 

adjacently attached to the rigid vertebral bodies form a motion segment.  Shown here 

are the (left) schematic drawing and (right) radiographic image of a motion segment. 

The IV disc appears non-existent in the radiographic image as X-rays penetrate 

through it without being attenuated.  Images reproduced from www.nucleoplasty.com 

and www.scoliosisassociates.com and modified.  

  

2.4.5 Motion Segment 

In biomechanical in vitro testing, the vertebral column is commonly divided 

into motion segments.  The motion segment is the smallest portion of the spine, 

which displays the biomechanical characteristics similar to that of the entire spine 

[Adams and Dolan, 1995].  It consists of two adjacent vertebrae with an IV disc in-

between (Figure 10).  Motion segments from the lumbar region are most commonly 

used in the testing of spinal implants and constructs.  

2.5 Osteoporosis and Fractures of the Vertebra 

The World Health Organization has termed osteoporosis as the gradual 

decline in bone mass with age, resulting in increased bone fragility and fractures.  

However, bone mass is a crude indication for osteoporosis.  It is in fact a disease 

characterized by low bone mass and microarchitectural deterioration of bone tissue, 

or also known as a reduction in bone quality [Kanis, 2002].  At the onset of 
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osteoporosis, bone strength is sufficiently weak such that fractures, also known as 

osteoporotic fractures, occur with minimal or no trauma, often at applied loads 

induced only by normal daily activities [Homminga et al., 2004; Marcus and 

Majumder, 2001].  Osteoporosis arises from an imbalance of bone formation and 

resorption [Bono and Einhorn, 2003]. The disease can be broken down into 

primary and secondary osteoporosis.  The former relates to osteoporosis after 

menopause in women or with old age in men and women; the latter refers to bone 

loss resulting from clinical disorders [Marcus and Majumder, 2001].  Secondary 

osteoporosis may occur due to weight loss, decreased hormone levels, decreased 

mechanical forces and any kind of chronic inflammation.     

2.5.1 Osteoporosis of the Vertebral Body 

The vertebral body is the primary load-bearing component of the vertebra; 

the other loading-bearing component is the facet joints, which take up about 20% 

of the total load.  As mentioned earlier (Section 2.4.1), the vertebral body consists 

of a central trabecular network with a cortical shell.  Trabecular struts and rods of 

cancellous bone within the vertebral body are isotropic in the axial plane; there is 

no difference in arrangement along the M-L or A-P directions.  In contrast, 

alignment is preferentially vertical along the S-I direction in response to weight-

bearing (Figure 11). 
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Figure 11 Comparison of internal microarchitecture between a healthy and 

osteoporotic human vertebral body. 

Healthy (left) and osteoporotic (right) vertebral bodies have different 

microarchitecture.  Osteoporosis is due to bone remodeling with aging that results 

in a negative balance, bone mass is reduced.  Thinning of the cortical shell and 

vertebral endplates, together with changes in the cancellous bone microstructure, 

gives this illusion of a gross bone mass reduction.  Images reproduced from 

Moseklide [2000]. 

 

At peak bone mass, cancellous bone volume (BV/TV) is about 15 – 20% 

with the cortical shell approximately 400 – 500!m thick and endplates 300 – 400 

!m thick.  Individual lumbar vertebrae can carry loads of up to 1000kg.  With age, 

due to a negative balance during the bone remodeling process, there will be a 

change in cancellous bone microarchitecture [Feltrin et al., 2001].
  

Cortical 

thickness and endplates will experience thinning due to bone resorption.  BV/TV 

now ranges from 8 –12% and load-bearing capacity falls to about 150kg.  In 

osteoporotic vertebrae (Table 2) (Figure 11), reduction in cortical thickness, 

cancellous bone density and trabeculae thickness are even more pronounced.  

BV/TV drops to less than 5% and cortical thickness at the endplates further reduces 

to 120 – 150microns in thickness.  Load-bearing capacity is markedly reduced to 

about 60 – 150kg, slightly more than the average weight of a human.  This explains 

why osteoporotic fractures can occur with minimal loading, often during normal 
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daily activities [Homminga et al., 2001].  In addition, trabecular struts within the 

microarchitecture are extremely thin and are often perforated. 

Table 2 Quantified difference between healthy and osteoporotic human lumbar 

vertebra [Mosekilde, 2000]. 

As bone weakens, reflected by changes in cancellous bone density (BV/TV) and thinning of 

cortical thickness, the amount of load it is able to carry also reduces. 

Age (yrs) 20 – 40 70 – 80 Osteoporotic 

Cancellous BV/TV (%) 15 – 20 8 – 12 4 – 8 

Cortical Thickness (&m) 400 – 500 200 – 300 120 – 150 

Load Bearing (kg) 1000 – 1200 150 – 250 60 – 150 

 

2.5.2 Vertebral Compression Fractures 

In women, bone loss occurs predominantly after menopause.  It has been 

reported that more than 60% of postmenopausal women have abnormal bone 

density and that up to 40% of these women will suffer an osteoporotic fracture in 

their lifetime [Lin et al., 2001].  Also, mortality is increased with patients with 

osteoporotic fractures, and they are at highest risk immediately after the fracture 

[Johnell et al., 2003].  Osteoporotic vertebral compression fractures (VCF), or 

fractures due to physiological compressive forces on the vertebrae, is the most 

common fractures due to osteoporosis.  In the United States, of the 1.5 million 

osteoporotic fractures that occur annually, 700,000 affect the spine [Gaitanis et al., 

2004].   

When VCF occurs, persistent pain due to instability of the fracture sites is 

experienced.  Intensity of pain varies from mild transient symptoms to intractable 

pain that requires prolonged hospitalization.  Pain may last for days, months or 
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longer till the fracture site of the vertebral body fails to unite and heal.  During this 

time patients are typically prescribed a conservative treatment that includes a 

combination of analgesics, bed rest and external bracing.  With bed rest, the 

osteoporotic population experiences additional loss of bone mass, which may lead 

to additional fractures.  VCF can lead to 90% in height loss of a vertebra and the 

degree and type of deformity (Figure 12) have been reported to correlate well with 

patient’s physical function, mental well-being, pulmonary function, increased 

mortality and risk of subsequent fractures. 

VCF of the lumbar and thoracic regions usually results in a biconcave and 

wedge type fracture respectively.  This in turn leads to loss of lordosis in the 

lumbar region and increased kyphosis in the thoracic region.  Spinal biomechanics 

are now altered and may have multiple physiological implications.  Loss of lordosis 

causes compression of the abdominal region by the rib cage leading to decrease of 

appetite, early satiety and weight loss.  This is fortunately a rare occurrence.  More 

commonly seen, is an increased kyphosis that compresses the lungs and decreases 

pulmonary function.  Similarly, sagittal spinal deformity dramatically reduces 

mobility and restricts daily activities and this may lead to sleep deprivation, 

anxiety, depression, lowered self-esteem, and increased dependency on others 

[Truumees, 2002; Murphy and Lin, 2001; Mathis et al., 2001, Lim et al., 2001].  

For patients who do not respond to the previously mentioned conservative 

treatments, persistent pain usually results [Uppin et al., 2003; Evans et al., 2003].  

Invasive surgical procedures, such as internal fixation and stabilization, are not 

feasible for patients with osteoporosis.  Porous bones do not provide spinal 
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implants and instrumentations with sufficient anchoring for long term stability.  

Also, these major surgical procedures have significant morbidity and prolonged 

recovery times.  An alternative procedure to alleviate their pain is therefore 

necessary. 

   

Figure 12  Compression fractures of the human vertebral body. 

Vertebral compression fractures (VCF) are best seen in the sagittal plane.  Here type and severity 

of VCF are clinically classified and shown (left).  Osteoporotic vertebra frequently experience 

wedge deformity and slow progresses from severity Grade 1 to Grade 3.  Clinically, VCFs are 

identified using diagnostic imaging (right) in the form of radiographs [Hochegger et al., 2005], 

CT and magnetic resonance imaging [Chen and Lee, 2005].  From left to right, images were 

reproduced from Genant et al. [1993], Hochegger et al., [2005], and Chen and Lee [2005]. 

 

2.6 Percutaneous Vertebroplasty 

2.6.1 History 

Galibert and Deramond [1984] first introduced the augmentation of a 

vertebra percutaneously, using a biopolymer polymethylmethacrylate (PMMA) to 

treat vertebral hemangioma which was later adapted by other investigators to treat 

pain from VCF caused by osteoporosis and malignancy.  Vertebroplasty was 

introduced to the United States in 1993, primarily for the treatment of osteoporotic 

VCF.  The first clinical series of vertebroplasty reported that up 90% of patients 

experienced pain relief within 72 hrs and increased mobility markedly once treated.   
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2.6.2 Indications for Vertebroplasty 

As mentioned in Section 2.5, vertebroplasty is recommended for patients 

who suffer from severe pain due to compression fractures of vertebral bodies that 

also resulted with loss of vertebral height.  Compression fractures can be caused by 

osteoporosis, myeloma, metastasis and vertebral haemangioma [Gangi et al., 2002; 

Cotton et al., 1998].  However, in this dissertation, osteoporotic vertebral 

compression fractures are the main concern.  Pain is usually focal, intense and 

intractable midline spinal pain at the fractured level.  Selected patients for 

vertebroplasty usually have failed conservative management for their pain [Peh and 

Gilula, 2003; Burton and Mendell, 2003; Gangi et al., 2002].  Vertebroplasty is 

usually performed in the thoracic or lumbar vertebrae, seldom in the cervical spine 

[Peh and Gilula, 2003].   

2.6.3 Percutaneous Vertebroplasty Procedure 

During vertebroplasty, PMMA bone cement is administered percutaneously 

under real-time fluoroscopic guidance via needles inserted through the vertebral 

pedicles.  Vertebroplasty is usually performed in an interventional neuroradiology 

suite, which is equipped with single or bi-planar fluoroscopy equipment and 

sometimes a portable CT (Figure 13) [Kallmes and Jensen, 2003; Zoarski et al., 

2002; Murphy and Lin, 2001; Barr et al., 2000; Martin et al., 1999; Vasconcelos et 

al., 2002].  Single plane C-arm fluoroscopy equipment would suffice but requires a 

longer procedure [Mathis, 2003].  CT can be used to provide excellent osseous 

delineation so that the appropriate pedicles can be chosen for vertebroplasty [Lin et 

al., 2001].  CT imaging is also of benefit in the thoracic spine where fluoroscopy 
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may be difficult or impossible through the shoulder blades and is restricted through 

the ribs [Mathis et al., 2001]. 

Patients are typically lain in a prone position on a radiolucent angiography 

table in a sterile environment (Figure 13).  With the fluoroscopy tube positioned 

below the vertebral body to be treated, local anesthesia is administered from the 

skin surface deep into the periosteum of the targeted pedicle [Lin et al., 2001; 

Evans et al., 2003; Heini et al., 2000; Mathis et al., 2002; Vasconcelos et al., 

2002].  The fluoroscopy equipment is subsequently positioned such that the central 

axis is inline with the center of the pedicle [Martin et al., 1999].  With the preferred 

transpedicular approach, correct positioning of the fluoroscopic equipment will 

produce a dark circle (cortical portion of the pedicle) together with a lighter inner 

region (cancellous portion of the pedicle) (Figure 14).  With fluroscopic 

visualization in the anterior-posterior and lateral views, the needle is advanced 

through the upper and lateral aspect of the pedicle.  When using the unipedicular 

approach, the bone needle is angled towards the central midline of the vertebra.  

Degree of angulation is dependent on the experience and judgement of the 

operator.  Usually a bevel tipped bone needle is used, as this needle type enables 

precise placement.  Once within the pedicle, the bevel of the needle is rotated 

towards the midline, allowling positioning towards the centre of the vertebral body.  

Such positioning facilitates for a PMMA bone cement distribution that fills 

bilaterally [Gangi et al., 2006].  With the bipedicular approach, two diamond 

tipped bone needles are advanced towards the vertebral body through both 

pedicles.  Now the angulation of the bone needles towards the central line is at a 
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lesser degree.  Advacement of the bone needle is done by tapping the needle hub 

with a metallic bone hammer in a controlled fashion, so as to introduce the needle 

slowly and gradually through the bone to lie in the final desired position within the 

vertebral body [Evans et al., 2003; Martin et al., 1999]. 

 

 
Figure 13 Vertebroplasty procedure is usually performed with patient prone. 

Vertebroplasty is usually practiced in a typical sterile radiology suite.  Shown here 

is the bi-planar approach to fluoroscopic imaging of the vertebral body to be 

treated (above).  A single fluoroscopic imaging device can also be employed 

however it should be on a rotating C-arm to ensure it images the essential lateral 

and frontal planes.  Patients are typically in a prone-position during vertebroplasty 

(below).  Top image was reproduced from uams.edu and bottom image from 

www.yoursurgery.com. 
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Figure 14 Fluoroscopy guidance of bone needle insertion during 

Vertebroplasty. 

Frontal (left) and lateral (right) view of the fractured vertebra to be treated using 

Vertebroplasty.  The images show the bone needle placed through the pedicle 

into the anterior portion of the vertebral body; a hammer is typically required to 

force the needle to penetrate the cortex and travel forward through the cancellous 

bone in a controlled fashion.  Images were reproduced from Mehbod et al. 

[2003] and Watts et al. [2001]. 

 

When the bone needle is within the vertebral body, it can be steered by a 

combination of bevel orientation, leverage on the hub and shaft of the needle and 

gentle tapping with the bone hammer, to place the tip of the needle in the region of 

interest to be augmented.  Once the bone needle tip is deemed to be in place, most 

treating surgeons or radiologists would inject as a reasonable amount of PMMA 

bone cement to provide adequate filling (Figure 15) [Heini et al., 2000; 

Vasconcelos et al., 2002].  Degree of adequacy is highly dependent on experience, 

ensuring sufficient strengthening without the risk of PMMA bone cement leakage 

or excessive stiffening of the vertebral body.  Typically, the needle tip is placed in 

the anterior one-fourth to one-third of the vertebral body, as close to the midline as 

possible [Peh and Gilula, 2005].  The radiologist or surgeon would inject PMMA 

bone cement aiming to fill the fractured vertebral body with as much cement as 
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possible, stopping if there is any leakage from the vertebral body or when cement 

reaches the posterior quarter of the vertebral body [Trout et al., 2005; Carlier et al., 

2004; Vasconcelos et al., 2002].  These end points of PMMA bone cement 

injection filling are relatively poor as single projection fluoroscopy does not allow 

surgeons or radiologist complete visualization.  In particular, PMMA bone cement 

leakage in the direction of the x-ray beam cannot be visualized.   

When vertebroplasty was initially introduced it was almost invariably 

performed using two needles, one through each pedicle (the bi-pedicular approach). 

Currently, most radiologists would perform a uni-pedicular injection, which 

suffices for most routine vertebroplasties,.  However during the procedure, another 

bone needle can be inserted through the other pediculeas required if it becomes 

apparent that the placement of the first needle would not be able to deliver enough 

PMMA bone cement into both sides of the vertebral body [Vasconcelos et al., 

2002].  Peh et al. [2002] suggested a bi-pedicular approach be performed for 

severely fractured vertebral bodies, as the lateral regions are generally higher than 

the anterior regions, which may hinder the flow of PMMA bone cement across the 

midline.  A fractured vertebra is classified as severe once it has been compressed to 

one-third its original height [Peh et al., 2002; Deramond et al., 1989]. However, 

this remains controversial and some contend [Hide and Gangi, 2004] that even in 

this situation a single needle procedure may be carried out successfully in almost 

all cases.  

After injection of the PMMA, the patient is made to rest to wait for PMMA 

to harden.  In all publications pertaining to vertebroplasty, all patients exhibited 
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pain relief to a certain degree (if not completely pain free), regardless of whether 

the pain was osteoporosis-induced or caused by other diseases.  Several 

mechanisms of pain relief have been proposed, some of which includethermal 

necrosis during the polymerization of the PMMA, chemo toxicity of the 

intraosseous pain receptions and the most probable, mechanical stabilization by 

preventing painful micro-movements at the fracture site [Mathis et al., 2003]. 

Although there are complications and uncertainties with vertebroplasty, the 

procedure works empirically and has improved the quality of life for many patients 

with VCF [Mickerman, 2004].  This explains its rising clinical popularity and 

vertebroplasty is now becoming the standard of care for pain produced by 

osteoporotic VCFs that fail conventional management. 

 

 
Figure 15 Fluoroscopic images of vertebral bodies injected with 

radio-opaque polymethylmethacrylate (PMMA) bone cement. 

Several fluoroscopic images are shown here.  Lateral fluoroscopic 

view of multiple needle placements into vertebrae (top left). (b) 

Lateral and (c) axial view of uni-pedicular injection of PMMA 

cement showing hemi-vertebral filling (dark portion) and (d) 

frontal view of bi-pedicular injection of PMMA.  Images 

reproduced from www.spineuniverse.com. 
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2.6.4 Complications during Vertebroplasty 

PMMA Cement Extravastion 

Vertebroplasty, like all medical procedures, is not completely risk free.  

Extra-osseous PMMA cement leakage, or cement extravasation outside the 

vertebral body, is the main cause of immediate complication of vertebroplasty and 

occurs not infrequently [Laredo and Hamze, 2004; Gangi et al., 2002; Vasconcelos 

et al., 2002].  This is more evident early in the learning phase of the inexperienced 

practioner of vertebroplasty.  Long-term complications come in the form of failure 

of the vertebrae next to levels where PMMA cement has been injected.  Reduction 

of these complications, through better understanding and modeling, is a key 

motivation for this dissertation.   

Extravasation of PMMA bone cement has been reported to occur between 

30-72% of cases [Laredo, 2005; Yeom et al., 2003], particularly in the situation 

where the operator injects as much cement as possible without optimal 

visualisation.  Once past the vertebral body, PMMA cement can find its way into 

the prevertebral soft tissues (6.0 – 52.5% of cases), spinal canal (>37.5% of cases), 

IVdisc (5.0 – 25.0% of cases) and venous plexus (5.0 – 16.6% of cases).  The latter 

permits migration of PMMA bone cement into other anatomical regions causing 

further clinical complications [Uppin et al., 2003; Evans et al., 2003; Watts et al., 

2001; Murphy and Lin, 2001; Mathis et al., 2001; Martin et al., 1999; Laredo and 

Hamze, 2004].   

Extravasation of PMMA bone cement into the spinal canal causing spinal 

cord compression is the most serious complication.  Paraplegia can arise if PMMA 
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cement leaks and solidifies in the spinal canal [Lopes and Lopes, 2004].  PMMA 

bone cement leakage into the neural foramen, also called foraminal leakage, can be 

due to adjacent cortical destruction caused by the initial fracture, or puncture 

during bone needle insertion, inadequate needle positioning passing through the 

neural foramina and cement leakage into the foraminal veins.  Foraminal leakages 

occur in 2 – 8 % of patients during vertebroplasty and can produce nerve root 

compression, which may be treatable with nonsteroidal anti-inflammatory drugs or 

local steroid injections [Mathis, 2003].
 
 If pain persists, surgical decompression is 

required, particularly in the case of spinal cord compressionin order to reduce or 

prevent the onset of neurologic deficits in the lower extremities [Teng et al., 2006; 

Peh et al., 2002].  PMMA bone cement leakage into the adjacent intervertebral disc 

is frequent and it accounts for more than 25% or more of all leaks
 
(Figure 16).  

Such leaks are not detrimental if small.  However, they have been hypothesized to 

have long-term biomechanical consequences on adjacent vertebrae.  This will be 

discussed later in greater detail.  Extravasation of PMMA bone cement into the 

venous plexus occurs frequently; in fact it is one of the criteria for termination of 

injection of the cement during vertebroplasty (Figure 16).  Cement leakage into the 

plexus has no direct effect, but because of the valve-less vein network, it can 

extend into the inferior vena cava and might also cause pulmonary embolism 

(Figure 16) [Peh and Gilula, 2003; Gangi et al., 2002; Padovani et al., 1999].  In 

some extreme cases, PMMA bone cement leakage together with transport via the 

venous plexus to the cerebral arterial system by paradoxical embolisation through a 
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persistent cardiac defect has been reported after multilevel vertebroplasty (Figure 

16) [Scroop et al., 2002].   

Clinical Methods for Reducing Extravasation 

There have been a number of methods proposed to reduce the chance of 

extravasation of cement at vertebroplastin, including using smaller volumes, 

making the PMMA more viscous,  or by increasing the opacity of the cement to 

improve fluoroscopic visualisationn.  Venography and Kyphoplasty are published 

techniques that have been developed just to tackle PMMA bone cement 

extravasation.   
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Venous plexus                       Cerebral embolism 

 

        
Pulmonary embolism                     Adjacent disc space 

         

 
Spinal canal 

Figure 16  Polymethylmethacrylate (PMMA) bone cement extravasation and migration to 

other anatomical structures. 

During injection of PMMA bone cement during vertebroplasty, immediate extravasation into 

the spinal canal, adjacent IV disc space and the venous plexus have been observed.  PMMA 

bone cement in the IV disc space has been thought to be the main contributing factor of 

adjacent vertebral fractures [Lin et al., 2004].  Extravasation into the spinal canal is more 

detrimental. Patients have been reported to experience paresis and radiculopathy [Mathis03].  

Extravasation into the vertebral venous plexus is usually well tolerated, but migration to other 

anatomical structures could cause other clinical complications [Lorezo and Hamze, 2004].  

PMMA bone cement has been reported to migrate and cause pulmonary embolism [Peh and 

Gilula, 2003; Gangi et al., 2002; Padovani et al., 1999] and cerebral embolism in the cerebral 

arteries and its peripheral branches [Scroop et al., 2002]. 
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Vertebral Venography 

Vertebral venography is the injection of a water-soluble low viscosity 

contrast agent into the vertebral body through the bone needle, prior to cement 

injection, and visualization of its distribution relative to the volume of injection 

under fluoroscopy [Laredo and Hamze, 2004].  If a particular needle placement 

results in rapid leakage of contrast medium into the venous plexus, the needle 

position is changed.  Thus, it can be used to decrease the potential complications 

associated with cement leakage during vertebroplasty.  The effectiveness of 

venography is questionable. In a clinical study by Kaufmann et al. [2002], two 

groups of patients were vertebroplasty treated; one group underwent venography 

prior to vertebroplasty and the other did not.  Pain relief or outcome of the 

procedure did not differ significantly between both groups; neither did occurrence 

of cement leakage.  They concluded that venography did not significantly increase 

the effectiveness or safety of vertebroplasty and this was due to: 

• Flow path of contrast medium may not reflect that of PMMA bone 

cement due to viscosity differences [Do, 2002]. 

• Stagnant contrast medium, after venography, within the vertebral body 

could potentially block the visualization of PMMA bone cement flow 

during injection [Vasconcelos et al., 2002]. 

 

In addition, visualization of contrast medium during the injection is still bi-

planar at most, not a complete 3D visualization.  Use of venography increases the 

cost of procedure and time exposed to radiation and therefore, its suggested use is 
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only during the training phase of vertebroplasty [Do, 2002], or perhaps not at all 

[Gangi, et al., 1994]. 

Kyphoplasty 

Kyphoplasty is similar to vertebroplasty except that it involves an addition 

step of expanding the fractured vertebral body using an inflatable bone tamp or 

balloon (Figure 17).  This variant technique of vertebroplasty was developed to 

avoid high-pressure injection of PMMA bone cement directly into the bone 

marrow, and to help reduce vertebral deformity.  The inflatable balloon creates a 

cavity, allowing the injection of more viscous PMMA bone cement under lower 

intraosseous pressure [Myers, 2004]; thus, the risk of bone cement extravasation 

decreases. 

Inflation of the balloon causes the cancellous bone around to compact 

circumferentially, exerting forces superiorly and inferiorly towards the endplates 

reducing vertebral deformation and restoring height.  During the inflation, marrow 

and fat within the interstices of the cancellous bone can be forced into the venous 

plexus, which may also lead to embolism [Groen et al., 2004].  The compacting of 

cancellous bone also lowers the occurrence and amount of cement leakages.  

However, the biomechanical stabilization provided by PMMA may not be efficient 

for kyphoplasty.  In total hip replacement procedure, the biomechanical stability is 

attributed to the interlocking of PMMA cement with porous cancellous bone 

[Muller and McCaskie, 2002].  It has been speculated that by compacting 

cancellous bone during kyphoplasty balloon inflation may reduce the amount of 

pores available for this interlocking effect.  The effect of densified compacted 



 

39 

versus intact uncompacted cancellous bone on PMMA interlocking during 

vertebrae augmentation is still very much unknown. It is also unknown how much 

compaction or densification occurs during the balloon inflation and deflation 

process.  A second school of thought suggests that cement interlocking is still 

possible in cancellous bone compacted by balloon inflation.  This is because the 

inflation pressure is quite low and may not result in significant densification of 

already highly porous osteoporotic cancellous bone. 

 

 

Figure 17 The kyphoplasty procedure is a variant of vertebroplasty using a balloon 

During Kyphoplasty an (a) inflatable balloon or tamp is inserted into the fractured 

vertebral body. (b) Inflation of the balloon exerts pressure from within compacting 

cancellous bone and at the same time restoring vertebral height.  The balloon is 

withdrawn and more viscous (c) PMMA bone cement is injected into the cavity made 

by the balloon.   Less intraosseous pressure and a protective barrier created by 

compacted cancellous bone supposedly reduces the risks of extravastion. Schematic 

(left) and fluoroscopic images (right) reproduced from www.backpain-guide.com and 

Carrino et al. [2004] respectively. 
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Although kyphoplasty has its advantages, comparatively vertebroplasty is 

less expensive, less demanding technically, is usally performed with lower 

radiation exposure, shorter procedure time and with less depth of anesthesia and 

sedation required [Mueller and Berlemann, 2005; Carrino et al. 2004].  All these 

are important consideration for cancer patients and the very elderly with vertebral 

compression fractures opting for vertebroplasty or kyphoplasty. 

Adjacent Vertebral Failure 

Biomechanically, vertebroplasty may have the ability to prevent re-

fracturing in the augmented vertebral body, but it also has the potential to promote 

fractures in the adjacent vertebrae (Figure 18) [Sun and Liebschner, 2004].   

          
Figure 18  Clinical case study of an adjacent vertebral fracture after vertebroplasty. 

Augmented fractured vertebrae are stiffer as compared to the adjacent osteoporotic 

vertebrae.  When physiologically loaded, these augmented vertebrae thus act as a ‘stress-

riser’, causing these adjacent vertebrae to fail easily.  Radiograph on the left was taken 

immediately after vertebroplasty (left) and the one on the right just 2 weeks later (right).  

Compression fracture of the adjacent vertebra is observed. Image reproduced from Baroud 

and Bohner [2006]. 

 

From clinical observations, it has been reported that 25% of patients 

develop a new fracture during the first 6 months after initial vertebroplasty [Lin et 
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al., 2004] and in another report, 67% of patients develop a new fracture within 30 

days after vertebroplasty [Uppin et al., 2003].  When the augmented vertebral body 

has a much higher stiffness than the adjacent vertebrae, two phenomena occur.  The 

first is a ‘stress-shielding’ effect, whereby adjacent vertebrae are shielded from 

stresses by the augmented vertebra, such that bone within the adjacent vertebral 

body is resorbed faster and subsequently becomes even weaker [Adams and Dolan, 

2005].  At the same time, due to differences in stiffness, the ‘stress-raiser’ effect 

concentrates stresses at the regions adjacent to the augmented vertebra.  The 

combination of these two phenomenaleads to adjacent vertebral fractures within a 

relatively short time period after initial vertebroplasty.  Also, upon pain relief and 

regaining self movement, patients may increase participation in activities at a 

higher physical level than before.  The increased stresses that ensue will also mean 

a higher risk of vertebral fractures at the adjacent levels.   

Berlemann et al. [2002] mechanically tested and measured strength and 

stiffness of a series of paired osteoporotic spinal motion segments.  The caudal 

vertebrae of one of each paired motion segments were augmented with PMMA, 

simulating vertebroplasty.  The other un-augmented motion segment was used as a 

control for comparison.  Comparatively, the strength of augmented motion 

segments was lower than that of un-augmented ones; however, there were no 

significant differences in stiffness.  In addition, the strength of the augmented 

motion segments was lower with an increased volume of PMMA cement injected.  

From this study it was concluded less PMMA filling of the body may or may not 

prevent adjacent fractures, and that it remains difficult to define the optimum 
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amount of filling as well as the ideal reinforcement.  They also suggested that a 

better understanding of post-PV biomechanics, including intraosseous local bone 

strain, should be studied [Berlemann et al., 2002].   

To do this, computational biomechanics offers the only approach and 

several models have been developed by researchers to address the issue of adjacent 

vertebral fractures [Keller et al., 2005; Polikeit et al., 2003].  Most investigations 

reported that PMMA cement augmentation of osteoporotic vertebra caused an 

increased pressure in the adjacent IV discs that resulted in increased stress within 

the adjacent vertebrae [Baroud and Bohner, 2006].  An increase in surface area that 

receives stresses was also observed.  PMMA cement seemed to be acting as a 

pillar, preventing the endplates of the augmented vertebral body from deflecting 

into the vertebrae. 

2.7 Reducing Complications through Biomechanical Evaluation 

2.7.1 Clinical Dilemma 

Logically, reducing the amount of PMMA bone cement injected into a 

fractured vertebra will reduce the risks of extravasation and post-vertebroplasty 

adjacent fracture [Graham et al., 2006].  A lower amount of PMMA bone cement 

within the fractured vertebrae would reduce the disparity in mechanical stiffness 

between the augmented and adjacent unaugmented vertebrae, thereby potentially 

decreasing the risks of post-vertebroplasty adjacent fractures.  As echoed by 

Berlemann et al. [2002], less filling might also prevent the phenomenon of adjacent 

vertebral failure, although this has not been proven.  These two observations 

suggest that the common clinical practice of filling up as much of the vertebral 
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body as possible should be re-evaluated.  However, the major contributing factor to 

pain alleviation of VCF has been theorized to be the restoration of the mechanical 

integrity of the fractured vertebral body.  It has been reported that uni-pedicular 

injection of the PMMA cement is as effective as bi-pedicular injection for this 

purpose [Steinmann et al., 2005; Tomeh et al., 1999].  Uni-pedicular injection, if it 

results in sufficient mechanical stabilization, means lower costs, shorter procedure 

time and a reduction of potential morbidity associated with the second injection 

[Tomeh et al., 1999].  Hence, several parametric investigations into post-

vertebroplasty biomechanics have been performed with the intention of optimizing 

the procedure.  Some of these studies will now be presented. 

2.7.2 Post-Vertebroplasty Biomechanics 

The biomechanical goal of vertebroplasty is to increase the mechanical 

properties of a fractured vertebra to pre-fracture levels, specifically restoration of 

stiffness and strengths [Belkoff, 2000].  When the strength of a vertebral body is 

restored to its pre-fracture level, it is considered to be successfully repaired as 

additional collapse of the vertebral body is theoretically prevented.  Internal 

stabilization brought about by vertebroplasty prevents persistent micromotion and 

subsequent pain at the ununited fracture site and also provides a stable environment 

for fracture healing [Mathis et al., 2001; Belkoff et al., 2001a].  A study by Cotten 

et al. [1996] found no correlation between the volume of PMMA bone cement 

administered and the degree of pain relief.  They have suggested that a less than 

complete vertebral body filling usually provides sufficient pain relief, although this 

might not restore the vertebral body to its original stiffness. 
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Apart from using vertebroplasty to treat fractured vertebrae, there have also 

been suggestions for the procedure to be used as a prophylactic treatment to  

reinforce weak osteoporotic vertebrae before they even fracture [Sun and 

Liebschner, 2004; Bai et al., 1999].  This approach has already been used clinically 

[Heini and Orler, 2004].  For this prophylactic approach to be effectively realized 

and studied, a good understanding of the biomechanical effects of vertebroplasty 

should be achieved.  Mechanical stabilization of an augmented vertebra is a 

function of the volume, material properties and spatial distribution of PMMA 

cement within the vertebral body.  All these contributing factors to the mechanical 

stabilization of PMMA cement have not been optimized [Deramond and Mathis, 

2002]. 

Effects of Varying PMMA Cement Volume 

Ex vivo mechanical studies on single vertebrae have been performed to 

determine the association between the volume of cement injected during 

vertebroplasty and the restoration of mechanical properties, both stiffness and 

strength, to pre-fracture levels (Figure 19)  [Molloy et al., 2005; Belkoff et al., 

2001b, 2001a].  Osteoporotic vertebral specimens from cadavers were 

mechanically compressed to obtained pre-vertebroplasty structural strength and 

stiffness.  Bi-pedicular vertebroplasty was then performed with different PMMA 

bone cement and volumes and mechanical compression tests were repeated on 

these augmented vertebral bodies.   

Specifically, for the lumbar region, the percentage difference between post- 

and pre-vertebroplasty strength and stiffness decreases as the volume of PMMA 
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cement injected increases.  For SimplexP
®

 PMMA cement, lumbar vertebral 

strength was restored with a PMMA bone cement volume of 4 – 6mL, and stiffness 

was only restored at 8ml.  Restoration of strength followed a similar trend for 

Orthocomp PMMA bone cement; however post-vertebroplasty stiffness was lower 

than pre-vertebroplasty stiffness even at 8mL.  This was expected as PMMA bone 

cement is 20 times greater in strength and 36 times greater in stiffness, when 

compared to osteoporotic cancellous bone [Baroud and Bohner, 2006]. 

 

 
Figure 19  Evaluating post-vertebroplasty biomechanics of cadaver vertebral bodies. 

To evaluate effectiveness of vertebroplasty, usually a fracture is induced on a vertebral body 

specimen, using a universal materials testing machine in compression.  From the stress-strain 

graph, pre-vertebroplasty strength and stiffness values are obtained.  After which, vertebroplasty 

is performed accordingly.  After vertebroplasty, compression testing is again performed.  From 

the graph, post-vertebroplasty strength and stiffness are obtained (above).  Comparison of pre- 

and post-vertebroplasty strength and stiffness can then determine the effectiveness of the 

treatment.  So far, investigators have varied PMMA bone cement type, injected volume (2ml ! 

8ml from left to right) and distribution, during vertebroplasty to evaluate post-surgery 

biomechanical effectiveness (below).  Images reproduced from Belkoff et al. [2001a, 2001b] 



 

46 

Effects of Varying PMMA Spatial Distribution 

Stabilization provided by vertebroplasty can also be affected by the 3D 

spatial distribution of PMMA cement.  Investigators currently vary PMMA cement 

distribution by either using a uni- or bi-pedicular vertebroplasty approach.  In the 

axial plane, uni-pedicular injection of PMMA cement can result in a distribution 

that is skewed towards the pedicle from where the needle is inserted (Figure 20) 

[Higgins et al., 2003].  It is of interest to determine if there is a difference in the 

restoration of strength and stiffness between vertebrae augmented using the uni- 

and bi-pedicular approach.  Tomeh et al. [1999] observed that bi-pedicular 

injection resulted in an increase of strength that is greater than that of vertebrae 

augmented using the uni-pedicular approach.  Overall the increase in strength is 

proportional to the volume of PMMA cement injected, regardless if a uni- or bi-

pedicular approach is taken (Table 3).  

In contrast, difference in vertebral stiffness pre- and post-vertebroplasty did 

not differ significantly between uni- and bi-pedicular administering of PMMA 

bone cement.  Molloy et al. [2005] also reported a similar trend between uni- and 

bi-pedicular approaches to augment fractured vertebral bodies.  Varying PMMA 

bone cement viscosity, placement of needle and type of needle tip and injection 

speed can also alter spatial distribution of PMMA bone cement within the vertebral 

body.  There are only a few reports on the effects of PMMA bone cement spatial 

distribution on mechanical stabilization due to vertebroplasty.  Because of this 

reason and the multiple variables involved, results summarized and presented here 

were inconclusive. 



 

47 

 

 
Figure 20 Parametric evaluation of post-vertebroplasty biomechanical 

efficiency with different 3D spatial distribution of PMMA bone cement 

To date, the biomechanical effects of PMMA bone cement volume and 

spatial distribution have been investigated upon.  PMMA bone cement 

placement is varied by using either (1) uni-pedicular or (2) bi-pedicular.  

Post-vertebroplasty CT of osteoporotic vertebral bodies shown here 

demonstrates vertebroplasty using (above) uni- and (below) bi-pedicular 

injections with (left) 3.5mL and (right) 7.0mL of PMMA bone cement.  

Images reproduced from Molloy et al. [2005] 

 

Post-vertebroplasty biomechanical research has not shed light on whether 

the phenomenon of adjacent vertebral fractures could be addressed by using less 

PMMA bone cement or a different augmentation material all together.  Due to the 

observed trend of decreasing strength of a motion segment with increasing volume 

of PMMA bone cement administered, the clinical practice of injecting as much 

PMMA bone cement as possible should be re-evaluated.  
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Table 3 Results from ex vivo compression tests from other investigators. 

Lumbar vertebral strength and stiffness differences after percutaneous vertebroplasty using 

different PMMA bone cement and volumes.  As it can be seen, there are many parameters that can 

be varied.  This, together with specimen variation, renders systematic parametric studies to 

optimize PMMA bone cement volume/placement/ type difficult. 

Vertebral 

Level 

PMMA 

bone 

cement 

Volume 

(ml) 

%Diff in 

strength 

%Diff in 

stiffness 

Bi- or Uni- 

pedicular 

PMMA 

cement 

Used
* 

Reference 

L2-L5 

L2-L5 
2.0 

- 8.0 

-16.0 

-42.9 

-37.0 

Bi 

Bi 

Orthocomp 

SimplexP
®

 

Belkoff [2001a] 

Belkoff [2001a] 

L2-L5 

L1-L4 
3.5 

-3.1 

25.0 

40.0 

-38.6 

16.0 

25.0 

Bi 

Uni 

Bi 

SimplexP 

FE 

FE 

Molloy [2005] 

Sun [2001] 

Sun [2001] 

L2-L5 

L2-L5 
4.0 

-5.5 

-6.2 

44.4 

-52.6 

-17.7 

NA 

Bi 

Bi 

Uni 

Orthocomp 

SimplexP
®

 

CMW3 

Belkoff [2001a] 

Belkoff [2001a] 

Dean [2000] 

L2-L5 

L2-L5 

L2-L4 

L2-L4 

L2-L5 

6.0 

9.5 

35.3 

49.6 

-6.8 

88.8 

-21.6 

-22.4 

-25.6 

-29.1 

-10.2 

Bi 

Bi 

Bi 

Bi 

Uni 

Orthocomp 

SimplexP
®

 

SimplexP
®

 

BoneSource 

SimplexP
®

 

Belkoff [2001a] 

Belkoff [2001a] 

Belkoff [2001b] 

Belkoff [2001b] 

Tomeh [1999] 

L2-L5 7.0 55.4 -8.2 Bi SimplexP
®

 Molloy [2005] 

L2-L5 

L2-L5 

8.0 

 

43.7 

57.7 

-6.3 

15.2 

Bi 

Bi 

Orthocomp 

Simplex 

Belkoff [2001a] 

Belkoff [2001a] 

L2-L5 10.0 208.6 0.8 Bi SimplexP
®

 Tomeh [1999] 

*Orthocomp (Orthovita, Malvern, PA, USA), BoneSource (Stryker Leibinger, Kalamazoo, MI, USA), Simplex P 
(Stryker-Howmedica-Osteonics, Mahwah, NJ, USA) 

 

2.7.3 Computational Biomechanics for Vertebroplasty Research 

Experimental investigations, as described in the previous section, require a 

large number of specimens in order to demonstrate significant statistical distinction 

[Sun and Liebschner, 2004; Liebschner et al., 2001].  Biological variability is also 

minimized if ample specimens are used.  Computational simulations used to mimic 

these experiments are therefore an attractive approach.  A single computational 

modeled ‘specimen’ can be reused indefinitely, facilitating parametric studies on 

the biomechanics of vertebroplasty. 
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Finite Volume Method and Finite Element Method 

Implementation of Finite Volume Method (FVM) or the Finite Element 

Method (FEM) first requires the division of a complex problem domain into a finite 

number of smaller domains (Figure 21).  Usually the complex problem domain 

may have no analytical solution or it has an analytical solution that is difficult to 

obtain.  Solution of the complex problem domain can be obtained with relative ease 

by dividing the domain into a finite number of smaller domains with simpler 

solutions.  Solutions for these smaller domains are subsequently obtained 

computationally.  Each of these smaller domains is represented by elements and is 

interconnected to other smaller domains, or elements, by points or nodes.  This 

entire system of nodes and elements is termed as the finite volume (FV) or finite 

(FE) mesh. 

In FVM, the division of the complex problem domain is based upon an 

integral form of the Partial Differential Equation (PDE) to be solved.  Each element 

has an easily solvable PDE.  Each element, of a FV mesh, is essentially a small 

volume where governing equations are solved.  The combination of all the 

governing equations, from the entire FV mesh, usually involves fluxes of the 

conserved variable (e.g. conservation of mass).  The resulting solutions from 

solving the governing equations are approximate and variables are placed at the 

centers of each element, rather than at nodal points.  More often or not, FVM is 

used in many computational fluid dynamics (CFD) packages. 
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Figure 21  Discretization of physical objects into finite element models or meshes. 

The reaction of complex physical objects, like a formula 1 car, to loading and 

boundary conditions can be approximated.  This is done by first discretizing the object 

into simpler objects, like cubes, where reactions can be calculated more readily.  

Discretizing is performed during the finite element modeling, or generation, process.  

Image on the right reproduced from www.ansys.com.  

 

For FEM, the division of the complex problem domain is now based upon a 

piecewise representation of the solution in terms of specified basis functions 

instead.  In each element, the solution is constructed from the basis functions.  For 

each element, the variables are written in terms of their basis functions, the formed 

equations are subsequently multiplied by appropriate test functions and finally 

integrated over an element.  Simliarly, the entire system of equations for the 

complex problem domain is obtained and must be solved to obtain a solution.  

FEM is more commonly employed for structural mechanics analysis. 

FV and FE models are meshes that have been assigned physical information 

that will define how the physical domain will react to boundary and loading 

conditions. FEM have been widely used successfully to study the biomechanics 

human musco-skeletal system [Huiskes and Hollister, 1993], as it is considered to 

Discretization 

Cube Formula 1 car 
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be a structural mechanics problem.  Knowledge for this section has been based on 

Bathe [1996].  Section 2.8 provides a more elaborate description of meshing 

anatomical structures for biomechanics.   

The solution obtained by FEM is approximate as the model is limited by a 

finite number of degrees of freedom.  The number of elements affects the accuracy 

of the solution.  A higher element count will yield more accurate results but at the 

expense of computational resource requirements.  Practically, a balance between 

accuracy and computational resources could be achieved.   

FEM has two major advantages.  Firstly, it can be used to obtain results 

within an object that would theoretically be impossible to obtain by any other 

analytical or experimental method.  Secondly, it can be used as an effective tool for 

parametric investigations where single parameters can be altered and their effects 

studied.  Accuracy of solution from FEM is dependent on the FE model 

constructed to represent the problem domain.  Accuracy of modeling relies on 

reflective constitutive modeling of the material properties, geometric data, loading 

characteristics and boundary conditions.  In this dissertation the focus is on 

computational biomechanics, meaning, specifically using computational methods 

to study biomechanics.  In this dissertation, Computational Fluid Dynamics (CFD) 

refers to the study of fluid flow phenomenon using FV.   

Current Finite Element Mesh for Vertebroplasty 

To the author’s best knowledge, only four major groups have employed 

FEM to study post-vertebroplasty biomechanics computationally.   
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In order to investigate the effects of varying volume and distribution of 

PMMA bone cement on stiffness of augmented vertebral body, FE modeling was 

employed by Liebschner et al. [2001].  Their FE mesh of a single vertebral body 

consisted of cancellous bone surrounded by a continuous wall of 0.35mm thickness 

that represents cortical bone.  Geometrical information of the vertebral body was 

obtained from CT datasets and mesh was generated using commercially available 

software TrueGrid (XYZ Scientific Applications Inc., CA, USA).  The CT dataset 

also provided an automated means to assign elastic properties to elements 

representing cancellous bone.  This was through equations relating elastic modulus 

to bone density values that were obtained from literature.  To model augmented 

vertebral bodies, cylindrical PMMA bone cement sections, of varying volumes, 

were meshed within the trabecular core to represent uni- or bi- pedicular 

augmentation (Figure 21).    This was done by selecting appropriate elements of the 

cancellous bone regions and subsequently reassigning them with elastic properties 

of PMMA bone cement instead.  Their mesh had only 1816 20-node hexahedral 

elements.  The relatively small number of elements would imply fast analysis time, 

and the higher order hexahedral elements would indicate more accurate results.  

First order hexahedral elements are 8-noded.  Linear, plane stress, static FE 

analyses were carried out using ABAQUS (Simula, RI, USA).  Unfortuntaely, this 

method of simulating vertebroplasty involves a very gross approximation of the 

PMMA bone cement within the vertebral body. 

Tack et al. [2001] recognized this limitation.  They therefore employed 

post-vertebroplasty CT datasets to construct their FE meshes instead.  Similar to 
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Liebschner et al. [2001], geometrical information was obtained from CT datasets.  

Material properties of cancellous bone were also calculated from CT datasets based 

on equations relating density information to bone elastic.  Their approach generated 

FE meshes with PMMA bone cement spatial distribution that were more realistic 

than cylinders.  Post-vertebroplasty CT datasets are not commonly obtained, as 

these will expose patients to unnecessary radiation, with associated ethical 

problems.  Detailed information on the FE mesh was not provided. 

The above mentioned FE mesh for vertebroplasty simulation by Liebschner 

et al. [2001] and Tack et al. [2001], are classified as a macro- or continuum- FE 

meshes.  These meshes assume that the porous structure of the cancellous bone can 

be represented by a continuum solid.  Kosmopoulos and Keller [2004] developed a 

micro-FE mesh for investigating post-vertebroplasty cancellous bone micro 

damage and micro fracture (Figure 22).  Images from a 1.8mm thick midsagittal 

microCT dataset were converted into FE mesh, consisting of 4-node quadrilaterals, 

using a custom program, coded in MATLAB (Mathworks, MA, USA).  The 

resultant mesh consisted of 37828 elements representing cancellous bone and 

20016 elements representing bone marrow, or the spaces in between the trabeculae.  

Vertebroplasty was then simulated; this was performed through the replacement of 

a desired number of bone marrow elements with PMMA bone cement material 

properties.  This approach represented the actual reinforcement provided by 

PMMA bone cement, through the interlocking between cement and the cancellous 

bone microarchitecture.  The large number of finite elements used has restricted 

Kosmopoulos and Keller [2004] to 2D linear, plane stress static FE analysis. 
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Figure 22 Current finite element (FE) meshes employed for post-vertebroplasty 

biomechanical evaluation developed by other investigators. 

FE meshes of vertebral bodies used for post-vertebroplasty stress/strain analyses.  Macro-

FE mesh developed by Liebschner et al. [2001] had PMMA distribution representing bi- 

and uni- pedicular vertebroplasty (left and middle).  To study micro damage and micro 

fracture of cancellous bone, a representative 2D micro-FE mesh was developed by 

Kosmopoulos and Keller [2004].  Marrow spaces were replaced by PMMA cement to 

simulated vertebroplasty (right).   

 

The micro-FE mesh described by Kosmopoulos and Keller [2004] was 

further modified to include an adjacent vertebral body, allowing the microstructural 

examination on the effects of PMMA cement augmentation on multilevel vertebrae 

stiffness and load transfer.  There was also a computational study on the post-

vertebroplasty biomechanics of a macro-FE multi-vertebrae mesh.  Polikeit et al. 

[2003] developed a FE mesh of a motion segment that includes ligaments, posterior 

elements and the intervertebral disc.  Similarly, geometry of the FE mesh was again 

inferred from CT scans and one or two vertically orientated cylindrical barrels were 

incorporated to represent PMMA cement distribution obtained from uni- or bi- 

pedicular injection respectively. 

From the above descriptions of current FE mesh for vertebroplasty research, 

it is obvious that CT datasets is a frequently used source in providing geometrical 

and bone density information.  CT datasets are highly attractive as patient-specific 

computational meshes can be obtained.  Although micro-FE meshes will provide 

the truest representation of PMMA bone cement interacting with the trabeculae of 
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cancellous bone, current computational resources have limited these meshes to be 

used for 2D analyses only.  None of the presented meshes are able to approximate 

the flow path of injected PMMA bone cement.  None are capable of realistic post-

vertebroplasty PMMA bone cement spatial distribution and all are only limited to 

post-vertebroplasty stress/strain analyses. 

2.8 Finite element Modeling Techniques 

Computational biomechanics is often hindered during the meshing process, 

or the division of the complex domain into smaller finite domain.  This is because 

anatomical structures do not have geometries that can be represented easily; 

biomechanical investigators often have to manually define the topography of the 

structure.  This process is time consuming and often requires simplification of 

geometries.  However, the number of finite elements can be controlled for 

computationally efficient analyses.  Meshing using this technique has been called 

geometrical-based FE modeling [Lengfeld et al., 1998].  Unfortunately, when 

modeling is required on a patient-specific basis, and if number of patients is large, 

FE or FV meshing can be daunting [Teo et al., 2007; Guldberg et al., 1998].  

Biomechanical investigators are always seeking for an automatic meshing 

technique for anatomical structures. 

2.8.1 Automatic Meshing Technique 

An all-tetrahedral mesh simply means that the entire FE mesh consists of 

only tetrahedral or 4-sided pyramid-like elements.  Similarly, all-hexahedral mesh 

means that the entire FE mesh consists of only hexahedral or 6-sided brick-like 

elements.  For automatic mesh generation, meshes comprising entirely of 
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tetrahedral elements (or all-tetrahedral mesh) are frequently generated as opposed 

to a mesh comprising of purely hexahedral elements (or all-hexahedral mesh) 

(Table 4).  This is because a physical domain, as in the case of geometrically 

complex anatomical structures, cannot always be decomposed into an assembly of 

hexahedral elements.  It can however be easily represented as a collection of 

tetrahedral elements, as these elements are geometrically more versatile [Alves et 

al., 2003].  On the downside, tetrahedral elements do not perform well for 

biomechanical modeling because they have artificial anisotropy, due to their 

geometrical shape [Huges, 1987].   Higher order tetrahedral elements or a higher 

mesh density, resulting in higher computational requirements, are often required to 

achieve satisfactory accuracy [Cifuentes and Kalbag, 1992; Ottosen and Petersson, 

1992].  Hexahedral elements are highly favored as these elements are characterized 

by high robustness, better mesh quality and require a lower element count to fill a 

physical domain [White and Tautges, 2000].  They also are less likely to be 

inverted compared to tetrahedral elements because of their better mesh quality.  

Inversion would result in failure of the application running the finite element codes 

[Irving et al., 2006].  Furthermore, the reaction of hexahedral elements to body 

loads corresponds more precisely to loads under actual circumstances.  

2.8.2 Automatic Voxel-Based Meshing Technique 

Voxel-based, or Digital image-based meshing is widely used for 

biomechanical investigations.  Modeling of the human skull [Camancho et al., 

1997], lumbar vertebrae [Crawford et al., 2003a, b], femur [Lengfeld et al., 1998], 

wrist [Ulrich et al., 1999] and cancellous bone [Ulrich et al., 1998] have been 
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reported.  The technique is straightforward and complex algorithms are not 

required.  It directly converts 3D medical imaging datasets into 3D all-hexahedral 

meshes by assigning nodal connectivity and material properties.  This way, each 

computer graphic voxel (Section 2.2.2) becomes a hexahedral finite element.  The 

grayscale intensity value of each voxel is used to assign bone material properties to 

the element based on derived mathematical relationships [Crawford et al., 2003a; 

Homminga et al., 2001; Silva et al., 1998; Rho et al., 1995].   

These mathematical relationships usually correlate mechanical stiffness and 

strength of bone to grayscale intensity.  This makes the voxel-based FE modeling 

entirely automated.  Advantages of this technique include [Al-khalifah and 

Roberts, 2004]: - 

• Voxel-based meshing is a true reflection of the original data 

• Detailed data about the tissue variation of each anatomical structure can 

be preserved 

• Maintains original volumetric data  

• Full volumetric representations are generated                                                   

 

Drawbacks for this technique are: - 

• Inability to conform to the geometrical boundaries, conformance 

improves with increased number of elements 

• Large computational resources are required to handle data that conforms 

well to the geometry 
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The advantages of a voxel-based technique make it attractive despite its 

disadvantages.  There are reservations about the inability for geometrical 

conformance by this technique and results obtained at the geometrical surfaces 

should be scrutinized [Guldberg et al., 1998]. 

Lengsfeld et al. [1998] obtained principal stress results, via attached strain 

gauges, from 5 cadaveric femur specimens subjected to 9 different loadings.  Each 

of these femurs was imaged using clinical CT and the datasets obtained were 

converted automatically into voxel-based and manually into geometrical-based FE 

models.  All FE models were assigned loading and boundary conditions to mimic 

experimental tests and results were obtained and compared.  The correlation 

coefficients between the two different FE models and specimen were found to be in 

the range of 0.91 – 0.94.  Results from their report suggest that the validity, with 

respect to principal stress, of a voxel-based FE models is similar to the validity of 

geometrical-based FE models.  They concluded that voxel-based FE models are 

therefore a clinically applicable FEM technology. 

In another study, Crawford et al. [2003b] investigated the effect of element 

size of voxel-based FE models on resultant stiffness for human vertebral FE 

models.  14 vertebral bodies were imaged using CT and datasets were used for 

voxel-based FE modeling (Figure 23).  Initial dataset voxel size of 1x1x1.5mm was 

coarsened to 3x3x3mm and converted into “high” and “low” resolution voxel-

based FE models respectively.  Mechanical properties were obtained according to 

the grayscale intensity value of the voxel.  “High” and “low” resolution FE models 

of all 14 vertebral bodies were analyzed and stiffness results were obtained.  
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Results showed that stiffness of “low” resolution models was on average only 4% 

greater than for “high” resolution models.  The stiffness difference between all 14 

vertebral bodies varied over four-fold.  It was concluded that mechanical property 

variations in the population are much greater than those that arise from differences 

in element size and imaging resolution is therefore not critical for determination of 

bone stiffness [Crawford et al., 2003b].  Voxel-based FE modeling is used most in 

micro-FE modeling.  With the emergence of micro-CT technology and growing 

interest into the micro mechanics of bone, the voxel-based FE modeling seemed to 

be a fitting technique.  High-resolution micro-FE models of cancellous bone 

specimens and coarser micro-FE models of whole bone (Figure 23) have provided 

much insight into osteoporosis, bone strength and load transfer.  From these two 

investigations, we can summarize that the voxel-based meshing technique can 

provide clinically significant FEM analyses.  Although better voxel resolution 

gives better geometrical conformance (Table 4), resolution of the voxels is not as 

vital as accurate assignment of material properties to the FE mesh.   

 

  
Figure 23  Voxel-based finite element models of various anatomical structures. 

Here are some published voxel-based FE models used for biomechanical 

analyses.  From left to right,  “Low” and “high” resolution human vertebra 

[Crawford et al., 2003a, b], micro-model of the wrist [Ulrich et al., 1999], and 

micro-model of cancellous bone cube [Ulrich et al., 1998]. 
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Table 4 A comparison of geometrical conformance of all-hexahedral and all-

tetrahedral FE models. 

It can be seen from the images that geometrical conformance improves for the all – 

hexahedral mesh as the number of elements increases (a, c and e).  All – tetrahedral mesh 

conforms better but has a higher mesh density (b, d and f).  Geometry of mesh was based 

on the CT dataset of a single lumbar vertebra.  Images reproduced from from Teo et al. 

[2006]. 

Image Matrix / In-

plane Resolution 
All-hexahedral Models All-tetrahedral Models 

64x64 

2.656mm/pixel 

  
Total no. of elements (a)  4808 (b)  19477 

128x128 

1.328mm/pixel 

  
Total no. of elements (c)  31689 (d)  98000 

256x256 

0.664mm/pixel 

  
Total no. of elements (e)  155981 (f)  300685 

 

2.8.3 Adopted Finite Element Modeling Technique 

Models reported by others to date were generated using both voxel- and 

geometrical-based techniques and were used primarily to study post-PV 

strengthening and stiffening effects.  None of the prior models are capable of intra-

osseous PMMA cement flow simulation.  One of the objectives for this dissertation 
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was for the automatic generation of patient-specific FE models.  Although 

attractive, micro-FE models are too computationally expensive for complete 3D 

models.  2D representative FE models for PMMA cement flow simulation in the 

vertebral body cannot capture the entire PMMA cement spatial distribution.  

Taking these points into consideration, a voxel-based FE modeling approach using 

clinical CT dataset as an input was adopted.  Investigators assign bone material 

properties according to grayscale intensity values for the automatic generation of 

FE models.  An elastic determinant-matrix containing these material elastic 

modulus properties for FE simulations involving stress/strain analyses is required.   

As mentioned in Chapter 1 of this dissertation, PMMA bone cement flow 

through porous cancellous bone was similar to water flow through soil.  A 

conductance-matrix that contains permeability information (Figure 24) is required 

for such a simulation. 

 
Figure 24  Assignment of appropriate material properties to finite element models. 

Finite element models can be employed to represent any physical phenomenon.  For 

example a computational model of the human vertebra can be used for stress/strain 

analyses if appropriate elastic determinants-Matrix, comprising mechanical properties of 

bone, is used.  For this dissertation, the FE model of the human vertebrae will be 

assigned hydraulic conductance-Matrix, which comprises of permeability values, will be 

used instead. 
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2.8.4 Other Finite Element Modeling Considerations 

The reliability of any results obtained from FEM is highly dependent on the 

accuracy of the input data into the simulation.  Users of FEM are always wary of 

the “Rubbish Input – Rubbish Output” statement when it comes to FE modeling.  

Besides the geometry of the vertebral body, several other inputs into the simulation 

have to be taken into consideration: -   

1.     The decisions made by the diagnostic radiologist have to be taken 

into account during FE modeling.   

2.   The mathematical relationship between clinical CT grayscale 

intensity and permeability of vertebral cancellous bone has to be 

derived. 

3. Characterization and modeling of the rheological properties, namely 

the viscosity-time behaviour of the PMMA cement used. 

 

2.9 Permeability of Cancellous Bone 

2.9.1 Permeability and Darcy’s Law 

Permeability, k, is the measurement that reflects the degree of ease of fluid 

infiltration into and across a porous solid material.  Henry Darcy first coined this 

measurement in his study of water infiltration through soil.  His published work 

described a simple experimental device, or permeameter, that determines the 

relationship between fluid flow speed, the pressure gradient across the specimen, 

the hydraulic conductivity of the material under investigation, and hence its 

permeability [Darcy, 1856].  Although his work was primarily focussed on soil 
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mechanics, Darcy’s law has been used extensively in other fields as well.  It has 

been used in the permeability study of aluminum foam [Boomsma and Poulikakos, 

2001; Antohe et al., 1997], which has the same porous arrangement as cancellous 

bone. 

Darcy’ Law states that the flow rate, Q, through a sample of porous material 

is proportional to the pressure difference, !P, across the sample [Darcy, 1856]: - 

PA

QL
k

!
=

µ
    Equation 1 

Where, Q is the volumetric flow rate (m
3
/s), 

L is the length of specimen (m), 

µ is the fluid kinematic viscosity (0.001 Pa·s for water), 

#P is the pressure drop across the specimen (Pa), and, 

A is the cross sectional area of the specimen (m2) 

 
 

k is dependent on the microarchitecture of the material and independent of 

the u of the fluid flowing through the sample [Naumen et al., 1999].  k of 

cancellous bone has not been well investigated.  Prior reports on cancellous bone 

permeability were based on samples obtained from various species (bovine, porcine 

and human) and anatomical locations (proximal femur, proximal tibia, vertebra, 

calcaneous)  [Baroud et al., 2004, 2003; Kohles et al., 2002, 2001; Arramon and 

Naumen, 2001; Naumen et al., 1999; Grimm and Williams, 1997].  Reported 

permeability values for cancellous bone ranged from 4.1x10
-12

 m
2
 to 20.8x10

-8 
m

2
, 

a variation of up to 4 orders of magnitude.  This wide range can be attributed to the 

variation in microarchitecture, volume fractions of cancellous bone from different 

anatomical locations, and the stringent technical requirements of the direct 

perfusion tests [Naumen et al., 1999].   
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2.9.2 Direct Perfusion Testing 

A direct perfusion test, using a permeameter, was utilized to obtain k.  

According to Darcy [1856], measurement of permeability requires a constant 

pressure differential or flow rate, a tight uniform seal around the specimen and a 

de-gassed fluid.  These requirements are difficult to achieve experimentally, and 

experimental artifacts could beone reason for the wide range of k values found in 

literature. The direct perfusion test setup can either be of constant !P or constant 

Q.  Baroud et al. [2003] and Naumen et al. [1999] used permeameters that were 

fitted to universal materials compression testing machines (Figure 25).  The 

materials testing machines were used to facilitate downward movement on the 

permeameter so as to provide constant Q and !P across the cancellous bone 

specimens.  In contrast, Kohles et al. [2002, 2001] fixed !P across the specimen 

and collected the fluid that passed through the cancellous bone specimens.  Their 

setup consisted of two reservoirs with a fixed difference in height giving a constant 

!P.  Fluid was allowed to flow from the higher reservoir to the lower one and the 

flow rate was measured accordingly.  Both methods have been widely employed. 
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Figure 25  Permeameters used for measuring cancellous bone permeability. 

Custom permeameters used by investigators to conduct direct perfusion measurements 

(permeability testing) on cancellous bone specimens.  Two typical setup: a constant 

flow rate and the pressure drop across the specimen is measured (left) [Baroud et al. 

2004; Nauman et al., 1999; Grimm and Williams, 1997] or a constant pressure 

differential is maintained across the specimen and flow rate is measured (right) 

[Kohles et al., 2001]. 

 

2.9.3 Inference of permeability from Porosity  

A direct perfusion test, using a permeameter, was utilized to obtain k.  

According to Darcy [1856], measurement of permeability requires a constant 

pressure differential or flow rate, a tight uniform seal around the specimen and a 

de-gassed fluid.  These requirements are difficult to achieve experimentally, and 

experimental artifacts could beone reason for the wide range of k values found in 

literature. The direct perfusion test setup can either be of constant !P or constant 

Q.  Baroud et al. [2003] and Naumen et al. [1999] used permeameters that were 

fitted to universal materials compression testing machines (Figure 25).  The 

materials testing machines were used to facilitate downward movement on the 

permeameter so as to provide constant Q and !P across the cancellous bone 

specimens.  In contrast, Kohles et al. [2002, 2001] fixed !P across the specimen 

and collected the fluid that passed through the cancellous bone specimens.  Their 
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setup consisted of two reservoirs with a fixed difference in height giving a constant 

!P.  Fluid was allowed to flow from the higher reservoir to the lower one and the 

flow rate was measured accordingly.  Both methods have been widely employed. 

 

1.1.1 Inference of permeability from Porosity  

In groundwater flow, the permeability of soil is based on the inherent 

porosity of the soil sample.  Porosity of porous solids describes how densely the 

material is packed [Moldrup et al., 2003], and is the ratio of pore volume to the 

total volume of solid and it is related to bone volume fraction. 

For this dissertation, it was assumed that k values could be approximated 

from the Houndsfield units (HU) of CT datasets.  HU is an arbitary unit on a scale 

that describes CT intensity or attenuation value when compared to the value of 

water.  The HU scale assigns water with a value of 0 and range from -4000 to 4000.  

Because CT attenuation of cancellous bone is linearly related to its porosity, HU 

can therefore be used to approximate k.  An objective of this dissertation was to 

derive a mathematical formula to govern the relationship between HU and k of 

cancellous bone.  The inference of mechanical properties from grayscale intensity 

had worked well previously [Rho et al., 1995], but it is still unknown if this can be 

applied to permeability.  As a first approximation, results presented in the literature 

were digitized and pooled using GetData 2.22 (GetData-Graph-Digitizer.com), and 

a preliminary mathematical relationship was established using linear regression 

analysis.               
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A correlation between porosity of cancellous bone and its inherent 

permeability was theorized.  The pooled data here (Figure 26) shows a reasonable 

relationship, but at porosities between 60 ! 80%, the range of k spanned three 

magnitudes wide, from 1x10
-08

 m
2
 ! 1x10

-10
 m

2
 (Table 5).     

 
Figure 26  Pooled permeability values digitized and compiled from other investigators. 

As an initial relationship with porosity, permeability (k) values were digitized after an 

exhaustive literature search.  Details of the permeability tests carried out by investigators 

can be found in Table 5.  Cancellous bone specimens with trabecular rods and struts aligned 

in the longitudinal (SI-direction) and transverse (AP/ML-direction) were segregated. 

 

It is clear that porosity alone was unable to characterize the shape of the 

voids or channels through which the fluid must pass through.  In addition to 

porosity, Arramon and Naumen [2001] incorporated specific surface, the ratio of 

surface are to specimen volume, to obtain a better model to predict k of cancellous 

bone.  In a more recent publication, Moldrup et al. [2003] recently identified soil 

pore-size distribution, pore toruosity and pore connectivity as additional parameters 
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that can improve predictive models of k.  Therefore, parameters that characterize 

the microarchitecture of cancellous bone might also improve the predictability of k.   

 

 

Table 5  Permeability values from various investigators. 

Permeability (k) values from various investigators are presented here.  They have employed either 

constant pressure differential (const. "P) or constant flow rate (Const. Q) permeameters.  

Specimens were obtained from both human and animal models, and various anatomical locations.  

Although different fluids have been used to test permeability, k values are independent of the fluid 

used. 

Bone Type Fluid  Permeability (m^2) Test setup Reference 

Porcine 

Femur 
Saline 

4.9 – 1400x10-12 (Longitudinal) 

4.1 – 460x10-12 (Transverse) 
Const. !P 

Hui et al., 

(1996) 

Human 

Calcaneus 

Linseed 

oil 
0.4 – 11.0x10-9 (Transverse) Const. !P 

Grimm et al. 

(1997) 

Bovine 

Femur 
Water 

0.2 – 9.2x10-10 (Longitudinal) 

0.4 – 7.4x10-10 (Transverse) 
Const. !P 

Kohles et al. 

(2002) 

Human 

Vertebrae 

Silicon 

oil 

2.1 – 7.4x10-8 (Longitudinal) 

1.6 – 5.0x10-8 (Transverse) 
Const. Q 

Baroud et al. 

(2004) 

Human 

Vertebrae 
Water 

3.9 – 20.8x10-8 (Longitudinal) 

1.6 – 7.4x10-8 (Transverse) 
Const. Q 

Naumen et al. 

(1999) 

Human 

Femur 
Water 

0.3 – 6.8x10-9 (Longitudinal) 

0.2 – 2.78x10-9 (Transverse) 
Const. Q 

Naumen et al. 

(1999) 

Bovine 

Tibia 
Water 

2.0 – 5.2x10-8 (Longitudinal) 

0.7 – 15.2x10-9 (Transverse) 
Const. Q 

Naumen et al. 

(1999) 
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2.9.4 Increasing Vertebral Cancellous Bone Permeability Data 

Compared to the mechanical properties of vertebral cancellous bone, 

information on permeability is lacking and to date, only two reported studies on k 

of vertebral cancellous bone exist [Baroud et al., 2004; Naumen et al., 1999].  Only 

31 longitudinal, S-I aligned, and 23 transverse, A-P or M-L aligned, vertebral 

cancellous bone specimens have been tested for k values so far.  This dissertation 

intended for k values to be automatically assigned to the computational models 

based on the CT HU values from clinical CT datasets.  Therefore, an increased 

amount of k data on vertebral cancellous bone is desirable as it will help derive a k 

– HU mathematical relationship which can be interpreted with reliability.  

Published k values of cancellous bone ranging from animal models to human from 

varying anatomical locations were pooled.  This may however not be an actual 

reflection of cancellous bone k in vertebral bodies and experimental direct 

perfusion testing of vertebral cancellous bone should therefore be conducted for 

verification purposes. 

In addition, previous permeability studies on cancellous bone were 

conducted with intact specimens.  Cancellous bone collapses to a certain degree 

when a vertebral body is fractured due to compressive forces and 

microarchitectural changes are imminent.  We would like to reiterate the need for, 

accurate input to be assigned in simulations in order to obtain reliable results.  It is 

therefore also of great interest to determine how cancellous bone permeability 

changes with microarchitectural alteration. 
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2.10 Rheology of Polymethylmethacrylate Cement 

In a groundwater flow simulation, water is the fluid involved.  Unlike 

PMMA bone cement, water has constant viscosity-time (! – t) behaviour at a 

particular temperature; in contrast, PMMA bone cement has flow behavior that 

varies.  Viscosity of PMMA bone cement not only varies with the speed of 

injection but also time.    Clinically, the surgeon or radiologist may vary PMMA 

bone cement viscosity ad-hoc [Gheduzzi et al., 2006 by altering the PMMA 

powder to liquid monomer ratio, or by mixing in additives that might alter the 

dynamic viscosity – time, ! – t, behavior.  All these variables need to be 

characterized such that when used in flow simulation the behaviour of PMMA 

bone cement will reflect the procedural conditions. 

2.10.1 Viscosity and PMMA Bone Cement 

The important property of viscosity is often studied in rheology.  It is the 

measurement of the resistance of a fluid to deformation under shearing stress 

(Figure 27).  It is more commonly perceived as “thick” or “thin” when the fluid is 

being poured.  As an example, honey is “thick” or has high ! as compared to water, 

which is “thin” or low in viscosity.  Rheology is the branch of mechanics that 

studies deformation and flow of matter, describing material properties of fluid and 

semi-solid materials mainly [Schramm, 2000].  In this dissertation, the ! of PMMA 

bone cement is of interest. 

PMMA bone cement consists of a solid powder phase made of PMMA and 

a liquid monomer phase [Dunne and Orr, 2002; Nzihou et al., 1998].  A free radical 

reaction occurred immediately when the solid and liquid phases were mixed.  
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Kinetics of this reaction was controlled by initiator and activator concentrations, 

which were found in the solid and liquid phases respectively [de Santis et al., 

2003].   

 

 
Figure 27  Schematic explanation of viscosity. 

For two parallel planes of fluids of equal area A separated by distance dx, moving 

in a similar direction but at different velocities "1 and "2.  A force, F, is required 

to maintain this difference in velocities and is proportional to the velocity 

gradient.  Velocity gradient, d"/dx, is a measure of the speed at which the 

intermediate layers move with respect to each other. d"/dx is an indication of how 

the fluid is sheared and it can be translated with respect to time to give shear rate, 

!& .  Force per unit area, F/A, required to produce the shearing action and its 

termed shear stress, #.  Dynamic viscosity is related to both shear rate and stress, 

the SI unit for Dynamic viscosity is the Pa#s [Schramm, 2000; Farrar and Rose, 

2001]. 

 

For use during vertebroplasty, radio-opaque materials are added to the solid 

phase to allow visualization under fluoroscopy.    These radio-opaque materials, 

most commonly barium or tantalum powder, are either pre-mixed commercially or 

added by the surgeon or radiologist at the time of mixing to increase the visibility 

of PMMA bone cement under fluoroscopy [Provenzano et al., 2004; Legroux-

Gerot et al., 2004].  Application of PMMA bone cement was most often 

administered via injection utilizing a cement gun or syringe.  Depending on 

application method, ! of PMMA bone cement is required to be different [Krause et 

al., 1982].  During injection, it is preferable for ! of PMMA bone cement is to 

remain quite low until administration is complete.  The time required for complete 

A 
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$ d
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administration varies with the treating surgeon or radiologist.  In vertebroplasty, a 

good understanding of the PMMA bone cement flow is crucial as it also determines 

the final spatial distribution of the filling.  Spatial distribution, in turn, affects the 

post-vertebroplasty mechanical strength and stiffness [Tohmeh et al., 1999].  In 

addition, if ! is too low, there is the higher risk of extra-osseous leakage. 

Measurement of the internal friction of a fluid will give the !.  This friction 

is more obvious when a layer of fluid is made to move slower or faster, relative to 

the adjacent layers (Figure 28).  High friction corresponds to a large amount of 

force requirement to cause the movement; this force is called shear stress (#).  

When a fluid is forced into motion, for example when poured, shearing occurs.  

Therefore viscous fluids require more force in order to be moved, as compared to 

less viscous fluids.  Viscosity is defined as the ratio of shear stress to the shear rate 

(!& ), or velocity gradient, in a fluid.  Dynamic or absolute viscosity is simply just 

called viscosity.  Then there is kinematic viscosity, which is the ratio of viscosity 

of a fluid to its density.  It represents the resistive flow of a fluid under the 

influence of gravity.  Kinematic viscosity will not be in context for this 

dissertation, therefore all mention of the term viscosity points to the dynamic form. 

Partially polymerized PMMA bone cement is a non-Newtonian fluid 

exhibiting two important rheological phenomena, pseudo-plastic and rheopectic 

behaviors (Figure 28).  Fluids that obey Newton’s viscosity law, or Newtonian 

fluids, have constant ! regardless of time or !&  induced on the fluid.  Non-

Newtonian fluids, therefore, have ! that is not constant.  Shear rate and time are the 

two factors that influence the viscosity of PMMA bone cement.  It is pseudo-
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plastic, meaning it exhibits a decreasing ! with an increasing!& ; this phenomenon is 

also termed shear-thinning and is common with many polymeric fluids [Schramm, 

2000].  PMMA bone cement is also rheopectic and exhibits a time-dependent 

increase in viscosity.  PMMA bone cement ! increases even when not subjected to 

shearing forces, as it polymerizes from a honey like substance to a doughy state 

before total solidification.  For simulation of intra-osseous PMMA bone cement 

flow, the ! - t behavior of the fluid should be well characterized including both the 

pseudo-plastic and rheopectic behavior [Baroud and Yahia, 2004; Krause et al., 

1982]. 

 

 
Figure 28  Rheological models used to describe fluid viscosity. 

Several models have been proposed to describe fluid flow.  The (a) shear stress 

vs. shear rate (# -!& ) and (b) viscosity vs. shear rate (! -!& ) relationships for 

Bingham Plastic (BP), Pseudo Plastic (PP), Newtonian (N) and Dilatant (D) 

flow models are presented here.  Note the constant ! for Newtonian fluids. 

 

2.10.2 Rheometers 

Rheometers are used to determine the rheological properties of liquids.  

Both capillary and rotational rheometers have been used extensively for rheological 
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studies on various fluids [Lewis and Carroll, 2002; Couch and Binding, 2000].  

When using rheometers for PMMA bone cement rheological investigations, 

capillary rheometers are advantageous as they simulate the flow and !&  that occur 

when the cement is injected through a syringe [Farrar and Rose, 2001].  A 

disadvantage of capillary rheometers is that a correction factor has to be applied, as 

PMMA bone cement is a non-newtonian fluid and more often or not, this 

correction factor is not available at the time of computation.  Therefore, ! from 

capillary rheometers is designated as the false apparent ! [Schramm, 2000; Krause 

et al., 1982].  When using a cone-plate configuration, rotational rheometers have 

shear rates that are nearly constant everywhere within the liquid tested.  This is an 

advantage as PMMA bone cement is sensitive to!& .  Even if a plate-plate 

configuration a simple, and readily available, a known correction factor can be 

introduced.  Rotational rheometers are therefore preferable for rheological studies 

of PMMA bone cement, although costly. 

2.10.3 Viscosity Behavior of PMMA bone cement 

Biomaterial scientists have long used the mathematical power-law model to 

describe the pseudo-plastic rheological behavior that relates viscosity to shear rate:  

1)( !
=

FI
CI "# &     Equation 2 

Where,   ! is the viscosity (Pa s), 

! 

˙ "  is the shear rate (s
-1

), 

CI is the consistency index ( ), and 

FI, is the flow index ( ). 

 

Krause et al. conducted experimental rheological testing to obtain CI and FI 

for several commercially available types of PMMA bone cement.  In one of the 
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most detailed investigations to date, using both a rotational and capillary 

rheometer, PMMA cements were subjected to !&  that range over three orders (0.1 

! 100s
-1

) to allow extrapolation of results for other!& .  They obtained # – !& data for 

time intervals 3.0 ! 7.0mins at !&  settings of 0.4, 1.0, 10.0 and 97.4s
-1

.  Through 

linear regression, the slope and y-intercept of these data will yield CI and FI.  As 

the equation reveals, the power-law model does not contain a time component, 

hence, it is time independent.  The pseudo plastic behavior is therefore modeled but 

the rheopectic property is not captured [Baroud, 2004].  Krause et al. [1982] 

modified the power-law such that it incorporates the rheopectic behaviour.  Now, 

CI vs. t and FI vs. t graphs were plotted and a linear regression analysis of these 

plots gave rise to CI and FI expressed as a function of time.  Krause et al. [1982] 

tested this for three commercially available PMMA bone cements, namely Surgical 

SimplexP® (Stryker-Howmedica-Osteonics, Mahwah, NJ, USA) Zimmer Bone 

Cement (Zimmer USA, Warsaw, IN, USA), and Zimmer Low Viscosity Cement 

(Zimmer USA, Warsaw, IN, USA) (Table 6).  Subsequent publications reporting the 

! of PMMA cement did not obtain CI and FI values.  It can be seen that FI for 

PMMA cement is less than 1; therefore it is partially correct to model PMMA 

cement as a pseudo-plastic.  Now, the rheopectic behavior is also modeled.     
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Table 6 Consistency, CI, and flow, FI, index for several commercially 

available PMMA cement. 

CI and FI are functions of time (t) from mixing and are therefore ideal for use 

in FE simulations [Krause et al., 1981]. 

PMMA cement CI(tmix) FI(tmix) 

Surgical SimplexP
®
 269e

0.39t
 -0.02t - 0.67 

Zimmer Bone Cement 16.60e
0.64t

 0.01t + 0.56 

Zimmer Low Vsicosity 

Cement 
158.49e

0.37t
 0.10t – 0.05 

Surgical SimplexP® (Stryker-Howmedica-Osteonics, Mahwah, NJ, USA) Zimmer Bone 
Cement (Zimmer USA, Warsaw, IN, USA), and Zimmer Low Viscosity Cement (Zimmer 
USA, Warsaw, IN, USA) 

 

The Departments of Diagnostic Radiology and Orthopaedics at the National 

University Hospital employ SimplexP
®
 PMMA cement for vertebroplasty 

procedures.  Today SimplexP
®
 cement developed for vertebroplasty, compared to 

the ones used by Krause et al. [1982], has a different formulation.  SimplexP
®
 

tested by Krause et al. contained 50% PMMA powder together with 50% of liquid 

monomer, which is typical for surgical bone cement used for orthopaedic device 

fixation; however, this formulation is unsuitable for vertebroplasty as it results in a 

very rapidly setting, extremely viscous paste with an extremely high stiffness and 

hardness.  The formulation of SimplexP
®
 for vertebroplasty now contains 15% 

PMMA powder, 10% barium sulphate for better fluoroscopic visualization and 

75% methyl methacrylate-styrene-copolymer, which allows for a less viscous, 

more slowly setting cement with a lower final stiffness.  CI and FI may not hold for 

this difference in formulation.  Also, the experimental data by Krause et al. [1982] 

were from PMMA cement alone.  The interconnected pores of cancellous bone 

within the vertebral body are filled with intraosseous fluid and soft tissues.  

Marrow, fat and blood are the main components of this intraosseous soft tissue.  
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During the injection of cement into the vertebral body, PMMA cement is forced 

into contact with these intraosseous tissues.  It is still unknown if this will cause an 

alteration in the rheological properties during injection or the mechanical properties 

after solidification.  An investigation that studied the effects of water uptake 

showed that environmental pre-conditioning of PMMA cement affects its 

mechanical properties [de Santis et al. 2003].  The study did not account for ! - t 

due to environmental pre-conditioning. 

The rheological and mechanical properties, in terms of mechanical strength 

and stiffness values, of PMMA cement in contact with intraosseous tissues should 

be determined for proper input into both the CFD and post-vertebroplasty 

stress/strain analyses. 
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3 Permeability of Vertebral Cancellous Bone 

3.1 Introduction 

3.1.1 Permeability of Bone 

Knowledge of the behavior of fluid passing through the cancellous bone of 

the vertebral body is vital information for intraosseous flow simulation.  This 

behavior is characterized by the term permeability (k), which is a measurement of 

ease of fluid flow through porous materials [Darcy, 1856].  As mentioned in 

Chapter 2, there is a lack of permeability data for the vertebral body and all 

previous studies were based on intact cancellous bone.  When cancellous bone is 

compressed it deforms and its microarchitecture is changed, as observed in 

vertebral compression fractures [Gibson, 2005].  It has been established that the 

microarchitecture of cancellous bone determines its permeability.  Hence, several 

mathematical models, incorporating both porosity and/or specific surface, have 

been used in an attempt to predict the permeability of porous materials [Arramon 

and Cowin, 1997].  There may be other parameters characterizing the 

microarchitecture of porous material that affect permeability.  This possibility was 

addressed in this work. 

3.1.2 Microarchitectural Phases on Compression 

During progressive compression of an open-celled elastic-plastic porous solid 

like bone, the microarchitecture primarily undergoes transformation in three 

distinct phases.  These three phases, namely the linear elasticity, plateau and 

densification phases, are distinct and can be identified from stress-strain curves 
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generated during compression testing of cancellous bone (Figure 29) [Gibson, 

2005].  The permeability of cancellous bone, including any study of the 

corresponding microarchitecture, should therefore be tested at these three phases.  

In the linear elastic phase, cancellous bone will tend to return to its intact 

state as long as the yield point (%yield, $yield) is not reached. Once the plateau and 

densification stages are reached, the bone remains permanently deformed. From 

Gibson [2005], the typical stress-strain curve of cancellous bone will first increase 

linearly with a positive gradient (Figure 29).  When the specimen reaches a yield 

point, there will be a sudden drop in the stress-strain curve.  Once the curve stops 

declining and begins straightening out again, the cancellous bone specimen is in its 

plateau phase.  On further compression, a sudden increase in the stress-strain curve 

again will depict the beginning of densification.  

 
Figure 29  Compressed phases of cancellous bone. 

Cancellous bone, under compression, goes through three main phases.  Namely, 

the linear, plateau and densification phases all are of a result in microarchitectural 

change within the cancellous bone.  As permeability is affected by the 

microarchitecture, there will be expected changes in permeability at each phase. 

Images reproduced from Gibson [2005]. 
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3.1.3 Cancellous Bone Orientation Convention 

In biomechanical testing of bone, specimens of cancellous bone are usually 

excised from whole bone in specific orientations.  This is done as cancellous bone 

has been known to be anisotropic.  The terms longitudinal and transverse are used 

to classify orientation.  For longitudinal cancellous bone specimens, trabeculae 

struts are oriented along the anatomical superior – inferior directions; transverse 

specimens have struts oriented along the anterior – posterior or medial – lateral 

directions.   

3.1.4 Anisotropy of Cancellous Bone and Specimen Orientation for Permeability 

Testing 

When tested in a permeameter, and because cancellous bone consists of 

interconnected pores, fluid flowing through a particular face will find a path of 

lowest resistance to the opposite face.  Naumen et al. [1999] reported that the ratio 

of permeability of specimens extracted in the longitudinal axis to those aligned 

preferentially along the transverse axis in vertebral, tibia and femur cancellous 

bone specimens was 2.05, 6.60 and 23.3 respectively.   

The differences in permeability can be explained by considering pore 

spaces within the cancellous bone specimens as a network of pipes.  It can be seen 

that the ‘longitudinal pipes’ are shorter than the ‘transverse pipes’ (Figure 30).   
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Figure 30 Volume rendered images of trabeculae and intratrabecular pore spaces. 

Trabeculae of vertebral cancellous bone are aligned preferentially along the 

longitudinal axis (left).  Shorter trabeculae, along the transverse axes, interconnect 

theses longer longitudinal trabeculae.  Resultant fluid flow paths across the pore 

spaces of the specimen (right) are therefore more direct along the longitudinal axis 

(solid red lines) as compared to that along the transverse axis (dashed red lines).  

Images were obtained by the author from rendering of microCT images obtained 

during this dissertation. 

 

By Bernoulli’s equation, on assumption that the inlet and outlet velocities 

are constant due to the uniform pipe diameters, the pressure differential across the 

specimen is dependent on the difference in height between the inlet and outlet.   

 
Where,      u is velocity (m/s), 

h is height of fluid from datum (m), 

P is the pressure at a certain point (Pa), and 

g is the acceleration due to gravity (9.81m/s
2
) 

 

In addition, for pipe flow, pressure losses are also due to frictional losses 

when fluid is flowing along the length of the pipe: 
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Where,  Ppipe is the pressure loss in pipe (Pa), 

F is the frictional coefficient of the pipe material ( ), 

D is the diameter of the pipe (m), 

p  is the density of fluid (kg/m
3
), and 

u is the velocisty of fluid through the pipe (m/s). 

 

It can be seen that in most cases, "hA-A’ > "hB-B’, and Lpipe, transverse > Lpipe, 

longitudinal; hence, the pressure difference across a transverse cancellous bone 

specimen is more than that of a longitudinal cancellous bone specimen.  This 

explains the observed lower permeability of transverse cancellous bone specimens.  

It also shows that permeability is a vector parameter, dependent on the direction as 

well as the magnitude of fluid flow. 

3.1.5 Measurement of Cancellous Bone Permeability 

The application of Darcy’s law to measure permeability usually 

requires either a constant pressure differential ($P), with the velocity of the fluid 

(uD) measured, or vice versa (i.e., a constant velocity with the pressure differential 

across the specimen measured).  All these measurements can then be used to 

determine the hydraulic conductivity, K: 

 

  

1!

"
#

$
%
&

' (
=

L

h
uK
D

    Equation 3 

Where,  uD is Darcy velocity (m s
-1

), 

K is the hydraulic conductivity (m s
-1

), 

!h is the hydraulic head differential across the specimen (m), and 

L is the length of specimen (m). 
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Finally, fluid-independent or intrinsic permeability, k, can be 

determined from its relationship to hydraulic conductivity: 

 

 !!
"

#
$$
%

&
=

'

(g
kK      Equation 4 

Where k is the intrinsic permeability (m
2
), 

p is the density of the fluid (kg m
-3

), 

g is the acceleration due to gravity (m s
-2

), and 

! is the dynamic viscosity of the fluid (Pa s). 

 

 

For Darcy’s Law to be valid, fluid flow through the cancellous bone 

specimens has to be within the laminar range as well as within the Darcian range of 

velocities [Arramon and Naumen, 2001] for that material.  The range of fluid 

velocities across cancellous bone considered to be within this Darcian range was 

determined experimentally by Naumen et al. [1999] and found to be between 20 to 

120mm/s for cancellous bone orientated longitudinally and between 10 to 35 mm/s 

for specimens orientated in the transverse axis.  The upper limit of uD, as reported 

by Darcy [1856], should not exceed 100 to 110 mm/s.  Only below this range will 

the relationship between 'P/L vs. uD, remain linear.  Incidentally the gradient of 

'P/L vs. uD plot will yield permeability.  This implies that k is constant at varying 

velocities, as long as u is within the the Darcian range of velocities.    

The reported injection rates during vertebroplasty are much lower.  In 

investigations that employed actual vertebroplasty injection rates, Bohner et al. 

[2003] used injection speeds of 0.4 mm/s and 0.8 mm/s, Ochia and Ching [2006] 

used speeds of 5, 10, 15 and 20 mm/s.  Darcy’s linear range of velocity tends 
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towards the origin, therefore unless the upper uD limit is breached; k will be the 

same regardless of speed. 

3.1.6 Cancellous Bone Microarchitectural Parameters 

The microarchitecture of cancellous bone can be characterized using several 

parameters.  These morphometric parameters are calculated by the software 

package CTAn (see below) either in 3D based on a volume model, or in 2D from 

images either individually, or integrated over a volume of interest (VOI).  Most of 

the parameters are based on a system proposed by Parfitt et al. [1987] that 

describes bone histomorphometry.  Appendix G explains each parameter in detail.  

Parameters which are of importance include:  

• Bone volume fraction (BV/TV) 

• Bone volume (BV) 

• Bone surface density (BS/TV) 

• Trabecular thickness (Tb.Th) 

• Trabecular separation (Tb.Sp) 

• Trabecular Number (Tb.N) 

• Trabecular bone pattern (Tb.Pf) 

• Structure model index (SMI) 

BV/TV gives a bone to VOI ratio and is a good approximation to density; 1-

BV/TV yields porosity, or the volume fraction of pores.  The main “building 

blocks” of cancellous bone, the trabeculae rods and plates, are characterized using 

Tb.Th, Tb.Sp and Tb.N.  Tb.Pf is a parameter that characterizes the degree of 

connectivity of the trabeculae struts and plates that make up the cancellous bone 
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specimen.  Finally, SMI indicates the relative prevalence of trabecular rods and 

trabecular plates in cancellous bone specimens.  A detailed explanation of each 

microarchitectural parameter can be found in Appendix G. 

3.2 Materials and Methods 

3.2.1 Cancellous Bone Permeability Testing at Various Compressive States 

Experimental Overview 

Cancellous bone specimens were tested in the intact state to determine 

permeability and to analyse their microarchitecture.  The specimens were then 

compressed to the plateau phase and had their permeability retested and 

microarchitecture reanalyzed.  These steps were repeated for the densification 

phase.  The three main investigations conducted in this chapter were permeability 

testing, compression testing and microCT imaging and analysis (Figure 31).  

 

Figure 31 Flow diagram for the experimental testing performed to determine the effects of 

compression on permeability of cancellous bone. 

To determine the effects of compression on cancellous bone, a series of microarchitectural 

analysis combined with permeability testing using a custom permeameter was performed.  

With each series the cancellous bone specimens are subjected to compressive stress to each of 

the different phases as described in the previous figure.  Specimens extracted along the 

transverse directions were subjected to permeability testing and microarchitecture analysis 

only. 
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Extraction of Cancellous Bone Specimens 

Dried human vertebral bodies were donated by the Department of 

Anatomy, National University of Singapore.  Prior to donation, these vertebral 

bodies were preserved by boiling to remove all of the soft tissues and subsequently 

air-dried, leaving the cortical and cancellous bone intact.  Cylindrical cancellous 

bone specimens were extracted from these dried vertebral bodies.  Vertebral 

cancellous bone specimens were obtained with struts and rods aligned 

longitudinally (S-I direction) and transversely (A-P and M-L directions). 

With the vertebral arch removed, the vertebral bodies were cut into 

6.0±0.01mm sections.  To excise longitudinally oriented bone plug specimens, 

vertebral slices were cut in the axial plane.  To obtain transversely oriented bone 

plug specimens, slices were cut in the sagittal or coronal planes.  Cutting was 

performed using a Minitome slow-speed diamond saw automatic cutter (Struers 

Inc., OH, USA) at a low feed rate under constant irrigation [Rho et al., 1995].  

Section thickness was controlled using an attached micrometer.  Subsequently, a 

$6mm bone biopsy punch (Kai Industries Co. Ltd., Oyana, Japan) was used to 

extract the cancellous bone specimens (Figure 32).  The bone punch was discarded 

and a new one used after every 3 specimens to ensure that specimen dimension was 

consistent.  The detailed protocol of this extraction can be found in Appendix C.  A 

total of 37 and 33 vertebral cancellous bone specimens were extracted along the 

longitudinal and transverse orientations respectively.  Geometrical information and 

directionality of each cancellous bone specimen were recorded immediately after 

extraction. 
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Figure 32  Extraction of vertebral cancellous bone specimens. 

To obtain the vertebral cancellous bone specimens of precise measurements, a series of 

sectioning have to be performed.  The vertebral arch is first removed to obtain the vertebral body 

alone; subsequently they are sectioned into 6mm slices using a low speed diamond cutter.  

Cylindrical specimens are then extracted from each of these 6mm axial sections of the vertebral 

bodies using a bone biopsy punch.  Geometrical information and intravertebral location of each 

specimen is then recorded. 

Custom Permeameter Setup 

The permeameter setup by Naumen et al. [1999], using a materials testing 

machine to provide constant flow or constant head of pressure, has two distinct 

disadvantages.  First, the measurements for cancellous bone specimens are very 

small, so inherent machine compliance would have an adverse effect on the 

measured flow or pressure.  Second, Darcy’s assumption that the specimen must be 

already saturated with the fluid would be difficult to achieve in such a system.  

Gravity would always be pulling the liquid out of the cancellous bone specimens. 

Therefore, for this study a custom falling head permeameter was built to test 

for the permeability of cancellous bone (The full details of the construction are in 

Appendix D) [ASTM WK4239].  The entire system was constructed from readily 

available flexible rubber tubes, plastic pipette tubing and syringes.  This custom 

permeameter consisted of a falling head tube attached to a permeameter tube that 

flowed into a reservoir (Figure 33).  The falling head tube and reservoir were made 

of 20ml syringes with an internal diameter of $20.0 mm, and the permeameter 

tube was a disposable pipette with an internal diameter of $6.0 mm trimmed at 

Axial sections of 
vertebral bodies 

Bone punch and 

Extracted cancellous 
bone specimen 

Vertebral bodies are 

sectioned off at 
pedicles 
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both ends.  The cancellous bone specimens were cut to ensure a secure fit in the 

permeameter tube.  This fit was important as it prevented the bone specimens from 

moving when fluid flowed through the permeameter [Naumen et al, 1999].  For 

each specimen, prior to permeability testing, markings were drawn to identify the 

specimen location.  After permeability testing, the position of the specimens had to 

remain constant for the measurement to be valid.  The permeameter, reservoir and 

falling head tube were connected to each other using flexible rubber hoses and the 

syringes were mounted on retort stands with adjustable clamps.  With the 

permeameter tube kept horizontal to act as a datum, the differential in hydraulic 

heads between the reservoir and falling head tube determined the speed of fluid 

flow within the system.   

Permeability Measurement with Custom Permeameter 

Prior to permeability testing, each cancellous bone specimen was placed into 

a beaker of distilled water and submerged.  Using forceps, specimens were gently 

shaken to remove trapped air bubbles within the pores.  Once the specimen was 

able to sink to the bottom of the beaker on its own, it was ready to be transferred 

into the permeameter, which was already pre-filled with distilled water.  The 

rubber hoses were reconnected, provide water-tightness to the entire system.  Care 

was taken to ensure no bubbles were formed during the insertion of specimen into 

the system.   

With the system setup, the time taken for water to flow from ha ! ha’ or 

similarly from hb ! hb’, was recorded using a digital stop watch.  This was 

performed 3 times per specimen and the average recorded as the final time.  In the 
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falling head permeameter (Figure 33), the change in pressure differential and 

velocity both had to be accounted for and Equation 3 was consequentially modified 

to [ASTM WK4239]:  

   Equation 5 

now, d is the diameter of the permeameter or falling head tube (m), 

t is the time taken for fluid to flow through the system (s), 

L is the length of specimen (m),  

h0 is the initial hydraulic head (m), and 

h is the final hydraulic head (m). 

 

 
Figure 33 Schematic of custom falling head permeameter used for permeability measurement 

of vertebral cancellous bone specimens. 

The permeameter used in this investigation was based on the falling head design.  Darcy’s Law 

relating flow rate, pressure differential and permeability have to be modified to take into account 

the falling pressure differential and flow rate.  We chose distilled water as the fluid medium in this 

investigation where %Water = 1000kg m
-3

 and µwater = 0.001 Pa s and h0 = ha – hb = 53mm and h = ha’ 

– hb’ = 2mm.  At this hydraulic head differential, the flow through the permeameter was 32.5mm/s 

without the cancellous bone specimen. 

 

With the recorded time, t, together with predetermined fixed h0 and h, K can 

be determined using Equation 5; Permeability was then obtained using Equation 4.  

This was the procedure performed to obtain the permeability of cancellous bone in 

this dissertation. 
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MicroCT Imaging and Microarchitectural Analysis of Cancellous Bone 

MicroCT imaging of all the cancellous bone specimens were performed using 

a Shimadzu SMX-100CT microCT scanner (Shimadzu Corp., Kyoto, Japan).  

Calibration and setup was performed according to the user manual and training 

provided.  First, X-ray tube voltage and current was selected such that background 

brightness did not exceed the 75% of the maximum allowable limit.  This limit was 

determined by the scanner manufacturer, to limit the detrimental effects of the X-

ray on the detector if subjected to prolonged high voltage and current.  A voltage of 

32 kV and current of 115 !A were used.  Following the X-ray tube settings, field of 

view (FOV) setting was achieved by moving the object nearer or further away from 

the X-ray tube.  There is a trade-off between FOV (which determines how much of 

an object can be scanned), and image resolution (the smallest dimension that can be 

captured in one voxel).  With an FOV of 7 mm x 7 mm, isotropic voxels of 18.075 

!m, or 18.075E-3 mm, was achieved for our bone sample size.  The specimens 

were located 35.83 mm and 307.47 mm from the X-ray source and detector 

respectively, according to the inbuilt specimen holder gauge.  Müller and 

Rüegsegger [1997] determined that for microarchitectural studies of cancellous 

bone, a resolution of 50 !m or smaller was necessary; the achieved resolution was 

therefore better than required.  Acquisition time was 17 mins, 45 secs. Each image 

dataset was subsequently analyzed using CTAn (Skyscan N.V., Aartselaar, 

Belgium), a microarchitecture analysis software package. 

Microarchitectural parameters for each of the cancellous bone specimens 

calbulated by CTAn were analyzed at each of the three phases during compression, 
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and linear regression analysis was used to determine how they affected 

permeability.  

Mechanical Compression of Cancellous Bone Specimens 

A universal material testing machine with real-time stress-strain curve output 

was used to compress the cancellous bone specimens (n = 70) to each of its distinct 

phases.   Thus, by observing the stress-strain curves during compression, testing of 

the cancellous bone specimens could be halted once they reached the plateau or 

densification phases, in order to perform permeability testing for each phase of 

compression.  A typical stress-strain curve obtained from such testing is shown in 

Figure 34. 

 

Figure 34 Typical stress - strain curve for vertebral cancellous bone specimen under 

compression 

When an open-celled cellular solid, like cancellous bone, is compressed, three distinct phases 

of zones exists.  Gibson [2005] have classified them as the intact, plateau and densified 

phases.  In this dissertation, vertebral cancellous bone specimens had permeability tested at all 

these phases.  A custom jig was used to compress the specimens from the intact to the plateau 

and finally the densified phase.  Real-time stress-strain curve was used to determine when 

compression should be halted for testing.  Initial testing of 5 specimens were used to 

determine the average strain at which the middle of the plateau phase would be achieved.  The 

presented stress – strain curve above was obtained during the course of this dissertation. 
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Because our permeameter had a fixed internal diameter of Ø6 mm, the 

diameter of our cancellous bone specimens could not be altered during 

compression, otherwise the permeability measurements would no longer be 

accurate.  A constraint compression test was therefore conducted using a custom 

jig.  Compression of all the excised longitudinal and transverse vertebral cancellous 

bone specimens was carried out in tubes that were similar to those used in the 

permeameter.  One end of this tube was a press fit with a cylindrical stainless steel 

plug, and a plunger that had a loose fit within the $6 mm tube was placed at the 

other end (Figure 35).  The entire jig was placed onto the loading platens of an 

Instron 3345 universal materials testing machine (Instron Corp., MA, USA) and 

loaded.  An arbitrary downward displacement speed of 3 mm/min, or 0.05 mm/s, 

was selected to compress the cancellous bone specimens.  This speed produced a 

strain rate on the specimens that was within the physiological range [Keaveny et 

al., 2001; Keaveny and Hayes, 1993].  With cancellous bone specimen height of 

6.0mm, a downward displacement speed of 3mm/min would produce a 

compressive strain rate of 0.008/s.  This strain rate is less than the maximum 

physiological strain rate of 0.1/s. 
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Figure 35 Compression jig for cancellous bone specimens. 

A custom jig had to be constructed so that cancellous bone can be compressed to the plateau 

and densification phases, within circumferential constraints.  This had to be done so that after 

compression, the specimens can still be inserted into the permeameter tube for permeability 

testing.  This jig consists of a metal plug press fitted into the bottom of a 15mm long 

permeameter tube and after placing in the cancellous bone specimen, a loose fit PMMA plunger 

was used to provide the compressive downward force. 

 

3.3 Results 

3.3.1 Microarchitecture and Permeability Results of Vertebral Cancellous Bone 

specimens at Each Compressed Phase 

 

To have a general overview of the data, mean and standard deviation (SD) values 

were obtained for each parameter that had correlation with k.  This was done for all 

three compressive phases (Intact, Plateau and Densified, see Table 7).  Changes in 

each of the microarchitectural parameter with the three compressed phases were 

also plotted against k (Figure 36).   
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Table 7 Permeability and microarchitectural parameters of longitudinal and transverse 

cancellous bone specimens at each compressed phases. 

For each of the 3 compressed phases, mean and standard deviation (SD) were determined from the 

results of permeability testing and microarchitectural analyses.  Comparison of results gave a 

general sense of how these parameters changed as cancellous bone were compressed along the 

longitudinal direction. 

Parameter Intact Plateau Densified 

Name Mean SD Mean SD Mean SD 

Permeability  (E-09), k (m
2
) 

Pooled 

Longitudinal 

Transverse 

 

2.13 

2.14 

2.12 

 

0.177 

0.186 

0.169 

 

1.61 

1.37 

1.87 

 

0.287 

0.153 

0.128 

 

1.59 

1.67 

1.50 

 

0.218 

0.191 

0.214 

Porosity (1-BV/TV), " (%) 

Pooled 

Longitudinal 

Transverse 

 

0.85 

0.88 

0.81 

 

0.04 

0.02 

0.02 

 

0.81 

0.82 

0.80 

 

0.02 

0.02 

0.02 

 

0.68 

0.77 

0.57 

 

0.11 

0.03 

0.06 

Bone Volume, BV (mm
3
) 

Pooled 

Longitudinal 

Transverse 

 

22.09 

18.03 

26.64 

 

5.28 

2.87 

3.24 

 

25.82 

26.56 

24.99 

 

2.98 

2.88 

2.91 

 

24.76 

22.64 

27.15 

 

4.00 

3.01 

3.65 

Bone Surface Density, BS/TV (mm
-1

) 

Pooled 

Longitudinal 

Transverse 

 

3.11 

2.84 

3.40 

 

0.40 

0.29 

0.30 

 

3.40 

3.22 

3.61 

 

0.36 

0.29 

0.31 

 

5.26 

4.06 

6.60 

 

1.38 

0.46 

0.62 

Trabecular Number, Tb.N (mm
-1

) 

Pooled 

Longitudinal 

Transverse 

 

0.96 

0.87 

1.06 

 

0.14 

0.11 

0.10 

 

1.13 

1.00 

1.13 

 

0.11 

0.11 

0.11 

 

1.64 

1.23 

2.09 

 

0.19 

0.16 

0.23 

Trabecular Thickness, Tb.Th (mm) 

Pooled 

Longitudinal 

Transverse 

 

0.16 

0.14 

0.18 

 

0.02 

0.01 

0.01 

 

0.18 

0.18 

0.18 

 

0.01 

0.01 

0.01 

 

0.19 

0.18 

0.21 

 

0.02 

0.01 

0.01 

Trabecular Separation, Tb.Sp (mm) 

Pooled 

Longitudinal 

Transverse 

 

0.66 

0.70 

0.62 

 

0.06 

0.05 

0.05 

 

0.62 

0.64 

0.59 

 

0.05 

0.05 

0.05 

 

0.42 

0.54 

0.30 

 

0.13 

0.06 

0.05 

Trabecular Pattern Factor, TB.Pf ( ) 

Pooled 

Longitudinal 

Transverse 

 

3.10 

4.07 

2.02 

 

1.35 

1.00 

0.73 

 

1.93 

2.00 

1.85 

 

0.76 

0.83 

0.67 

 

-2.28 

0.73 

-5.65 

 

3.74 

1.15 

2.61 

Structure Model Index, SMI ( ) 

Pooled 

Longitudinal 

Transverse 

 

1.23 

1.29 

1.15 

 

0.19 

0.20 

0.15 

 

1.16 

1.23 

1.07 

 

0.20 

0.21 

0.16 

 

0.56 

1.13 

-0.08 

 

0.73 

0.21 

0.55 
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The following images are graphical representations of the results obtained from the 

measurement of permeability and microarchitectural parameters of longitudinal (dark gray), 

transverse (light gray) and pooled longitudinal and transverse (white) specimens. 

 

 
(a) 

  
 

(b) 
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 (c) 

 

  
 

 (d) 



 

97 

 
 

(e) 

 

  
 

(f) 
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(g) 

 

 
(h) 
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(i) 

 

Figure 36  Change in vertebral cancellous bone specimens at the respective compressed 

phase. 

Based on all the excised vertebral cancellous bone specimens (n = 70), for each compression 

phase, (a) porosity ("), (b) permeability (k), (c) bone volume (BV), (d) bone surface density 

(BS/TV), (e) trabecular number (Tb.N), (f) trabecular thickness (Tb.Th), (g) trabecular separation 

(Tb.Sp), (h) trabecular pattern factor (Tb.Pf) and (i) structure model index (SMI), were analyzed.  

Mean values, corrected to 2 decimal places, have been included for comparison. 

 

3.3.2 Predicting Permeability of Vertebral Cancellous Bone using Porosity 

Porosity has been used to predict the permeability in soils and other porous 

solids [Shimko et al., 2005; Boomsma and Poulikakos, 2001; Moldrup et al., 

2003].  This approach has also been practiced for porous cancellous bone [Baroud 

et al. 2004, 2003; Kohles et al., 2002, 2001; Naumen et al., 1999].  In most cases, 

an exponential model was used to fit k - " data; these models can be used for 

scatter plots that exhibit a linear trend in a semi-log graph.  

Similarly an exponential model using " as the predictor was determined for 

the k data measured experimentally (Figure 37).   For the 37 longitudinally and 33 

transversely excised specimens, a R
2
 value of 0.22 and 0.53 was obtained 
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respectively.  R
2
 indicates the % of variance that can be accounted for a particular 

mathematical model.  A higher R
2
 would result in a better mathematical model to 

predict k values using "  as a predicting parameter. 

Graph of Permeability vs Porosity - Experimental Data from 

Intact Vertebral Cancellous Bone Specimens
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Figure 37 Graph of pooled permeability and porosity scatter plot for extracted intact 

vertebral cancellous bone specimens.  

The semi-log graph presented here is based on k and "   results, of vertebral cancellous bone 

specimens, measured from the experimental methods described in this chapter.  In total, the 

numbers of specimens excised along the longitudinal and transverse directions were 37 and 

34 respectively.  Straight lines were fitted, based on an exponential model, for all the 

longitudinal specimens (solid line: ; R
2
 = 0.22; n = 37), for all the transverse 

specimens (solid line: ; R
2
 = 0.53; n = 33).   

 

Compression of the vertebral cancellous bone specimens, from the intact to 

plateau and finally densified phases, resulted in specimens with decreased porosity.  

For longitudinal specimens, average " (SD) decreased from 0.88 (0.02) to 0.82 

(0.02) to 0.77 (0.03), as specimens were compressed from intact to plateu and final 

phases.  Similarly, for transverse specimens, " (SD) decreased from 0.81 (0.02) to 

0.80 (0.02) and 0.57 (0.06).  Pooling measured k - " data from these compressed 
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specimens also effectively increased the number of specimens.  Now, using " as 

the predictor for k, R
2
 values of 0.31 and 0.88 were obtained for the longitudinal 

and transverse specimens respectively (Figure 38). 

Graph of Permeability vs Porosity - Experimental Data from Intact, 

Plateau and Densified Vertebral Cancellous Bone Specimens

Transverse Specimens

k  = 6E-11e
4.48!

R
2
 = 0.88

Longitudinal Specimens

k  = 2E-10e
2.44!

R
2
 = 0.31

1.00E-10

1.00E-09

1.00E-08

0.4 0.5 0.6 0.7 0.8 0.9 1.0

Porosity, ! ( )

P
e
r
m

e
a

b
il

it
y

, 
k

 (
m

2
)

Longitudinal Transverse

 

Figure 38 Graph of pooled permeability vs. porosity scatter plot for extracted vertebral 

cancellous bone specimen.  

The semi-log graph presented here is based on pooled k and "  results from intact, plateau and 

densified vertebral cancellous bone specimens.  In this graph no differentiation was made 

between intact, plateau or densified specimens.  k and "  data were pooled together to increase 

porosity range as well as specimen number.  Straight lines were fitted, based on an exponential 

model, for all the longitudinal specimens ( ; R
2
 = 0.31; n = 111) and transverse 

specimens ( ; R
2
 = 0.88; n = 99).   

 

Specimen number was further increased by using k - " data from literature.  

Measurements were taken from various anatomical regions and species to increase 

the specimen number for longitudinal and transverse specimens to 183 (Figure 39) 

and 191 (Figure 40) respectively.  Correlation coefficient for the pooled k - " data 

is now 0.85 and 0.89 for longitudinal and transverse specimens respectively. 
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Graph of Permeability vs Porosity - Experimental and 

Literature Data from Intact Longitudinal Specimens
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Figure 39  Graph of pooled permeability vs. porosity scatter plot for longitudinal intact 

vertebral cancellous bone specimens extracted for this dissertation and from literature. 

The semi-log graph presented here is based on k and " data of human vertebral cancellous bone 

specimens that were pooled from literature as well as experimental measurements.  Straight lines 

were fitted based on an exponential model ( !56.13
14E5 ek "= ; R

2
 = 0.85; n = 183).   

Graph of Permeability vs Porosity - Experimental and 

Literature Data from Intact Transverse Specimens
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Figure 40 Graph of pooled permeability vs. porosity scatter plot for longitudinal and 

transverse cancellous bone specimens extracted for this dissertation and from literature. 

The semi-log graph presented here is based on k and " data of all kinds of cancellous bone 

specimens that were pooled from literature as well as experimental measurements.  Straight lines 

were fitted based on an exponential model ( !96.13
14E3 ek "= ; R

2
 = 0.89; n = 191). 
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3.3.3 Anisotropy of Permeability in Vertebral Cancellous Bone 

To better understand the effects of trabecular anisotropy, four FV models 

were generated to investigate the effects of trabecular pore length and diameter on 

the pressure differential across specimens.  To vary length, pore spaces of 

longitudinal and transverse cancellous bone specimens were modeled as a straight 

pipe and a pipe with 90-degree bends respectively.  An arbitrary diameter, D, of 

0.625 mm, was assigned to the narrower pipes; diameter of 2D was assigned to 

larger pipes to vary diameter of the pore space.  A known inlet and outlet velocity 

of 32.5 mm/sec was assigned as the boundary condition and the pressure 

differential was determined from the FV results accordingly (Figure 41). 

For a fixed pore diameter, the difference in pressure drop across a 

longitudinal and transverse specimen is on average 4.2 times.  In comparison, for a 

fixed length of pore space, pressure drop across the specimen changes by 18.5 

times when diameter is changed from D to 2D.  The simulation described here 

demonstrates that permeability is affected by pore size as compared to length of 

pore space.  For a given flow rate, the size of pores through which fluid infiltrate 

dictates the velocity of the fluid.  It can be seen from the equations of "P above, 

that velocity is the main component for pressure drop across cancellous bone 

specimens.  Also, as cancellous bone specimen increases in porosity, there might 

be a decrease in the already negligible hA – hA’, another indication that could point 

to the fact that porosity suffices as a predictor of k.   
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Figure 41 Velocity streamlines across simplified longitudinal and transverse 

pore spaces. 

FV models were used to study the effects of pore diameter and length of pore 

space on fluid flow across idealized cancellous bone specimens.  The decrease in 

pore diameter, from 2D to D, resulted in an averaged 18.5 times increase in "P.  

The increase in length of pore space, longitudinal to transverse cancellous 

specimens, resulted in an averaged 4.2 times increase in "P. 
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It has been shown that if there exists preferential alignment of trabecular 

bone struts in the longitudinal directions, as compared to the transverse directions 

will result in a permeability ratio larger than 1.  Cancellous bone has this 

preferential alignment [Tabor and Rokita, 2007].  For the measured specimens in 

this dissertation, permeability anisotropy ratio obtained was 0.75, reflecting a 

higher permeability in the transverse directions as compared to the longitudinal 

directions (Figure 37 and Figure 38).  This indicates a possible error in the 

permeability values obtained, rendering the k - " data models obtained in Section 

3.4 inconclusive. 

3.3.4 Microarchitectural Parameters that Influences Permeability of Intact 

Vertebral Cancellous Bone Specimens 

Correlation analyses, for the results obtained from the excised cancellous 

bone specimens, were carried out to determine microarchitectural parameters that 

are linearly related to k (Table 8).  From these analyses, it was determined that 

parameters", BV, Tb.Pf and SMI, had a linear relationship with k; significant at the 

0.01 level; BS/TV and Tb.N was linearly related to k significant at the 0.05 level.  

These identified microarchitectural parameters were used to determine if a better 

prediction model could be derived, compared to using only " as the predictor.  

Appendix G details each microarchitectural parameter. 
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Table 8 Correlation coefficients obtained from univariate linear regression analyses between k 

and cancellous bone microarchitectural parameters.  

Correlation analyses were done to obtain correlation coefficient (R
2
) and p-value (p).  Relatively 

high R
2
 (> 0.6) and low p (< 0.05) indicates a strong linear relationship.  Tb.Th, and Tb.Sp either did 

not seem to have any significant correlation with k or the probability of it happening by chance is not 

below 0.05.  

 

  " BV BS/TV Tb.Pf SMI Tb.Th Tb.N Tb.Sp 

k 
R

2
 

P 

0.482 

0.002 

-0.420 

0.010 

-0.382 

0.020 

0.499 

0.002 

0.420 

0.010 

0.253 

0.131 

-0.399 

0.014 

0.077 

0.652 

Correlations shaded        are significant at the 0.05 level (2-tailed). 
Correlations shaded        are significant at the 0.01 level (2-tailed). 

 
 

3.3.5 Improving Prediction Model Using Microarchitectural Parameters and 

Multivariable Linear Regression Analyses 

In the previous section, several individual microarchitectural parameters were 

found to have an invariable linear relationship with k (Table 8): 

k = ax + b 

Where,           k is permeability, 

a and b are constants, and 

x is the individual microarchitectural parameter 

 

These microarchitectural parameters were incorporated as parameters for a 

multivariable linear model: 

k = ax + a1x1 + a2x2… an-1xn-1 + b 

Where,           k is permeability, 

a and b are constants, 

x are the individual microarchitectural parameters, and 

n is the number of parameters 

 

Multivariable linear regression analysis, performed using Microsoft& Excel& 

(Microsoft Corp, MA, USA), was then performed to obtain the coefficients of each 

parameter and also to determine R
2

multivariable value.  Subsequently, this result was 
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compared to R
2

univariable from univariable analysis using " as the sole predictor 

parameter.  R
2

multivariable was found to be 0.23; whilst R
2

univariable was 0.12, a 92% 

increase.  Therefore it can be concluded that with the addition of multiple 

microarchitectural parameters into the linear models, there is indeed an 

improvement in R
2
 values (Table 9).  Pooling of k - " results from other 

investigators still yielded better R
2
 values.  Therefore, multivariable models will no 

longer play a part in this dissertation.  

 

Table 9 Univariable and multivariable linear models for predicting 

permeability (k). 

From k and microarchitectural data measured from excised intact vertebral 

cancellous bone (n = 37).  Uni and multivariable linear regression analyses 

were performed.  Using multiple variables (", BS/BV, Tb.Pf, SMI, Tb.N) 

fitted into a linear model improve the ability to predict k.  This is in 

comparison to using a single variable".    

 

Coefficient 

(Parameter) 
Univariable Multivariable 

a (x) 4.1E-11(") -8.5E-11 (") 

a1  (x1) N.A. -7.0E-11 (BS/BV) 

a2  (x2) N.A. 9.75E-10 (Tb.Pf) 

a3  (x3) N.A. -3.6E-09 (SMI) 

a4  (x4) N.A. -1.1E-09 (Tb.N) 

b -1.3E-09 1.32E-08 

R
2
 0.12 0.23 
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3.4 Discussion 

3.4.1 Change in Permeability and Microarchitecture Parameters with Compression 

When cancellous bone specimens were compressed, from the intact to 

plateau and finally densified phase, the pore spaces collapsed.  This was reflected 

by a reduction in both porosity (Figure 36a) and trabecular spacing (Figure 36g).  

Trabecular spacing measures the average spatial distances between adjacent 

trabeculae, hence it effectively measures pore sizes.  Also, as the cancellous bone 

specimens were compressed, the total volume (TV) of each bone specimen was 

reduced accordingly.  Since the amount of bone in each specimen remains the 

same, this increases the bone volume density (BV/TV).  Porosity is the amount of 

volume not taken up by bone, 1 – BV/TV.  Therefore, compression of cancellous 

bone specimens reduces porosity as observed. 

Generally, when porosity decreases, a corresponding reduction in 

permeability is observed (Figure 36a).  This trend was also observed by Boomsma 

and Poulikakos [2002], who compressed open pored aluminium matrices used for 

mechanical heat exchanges and tested for permeability.  However, for longitudinal 

cancellous bone specimens, permeability at the densified phase was approximately 

21.9% higher than permeability at the plateau phase.  This observation can be 

attributed to insufficient compression of the longitudinal cancellous bone 

specimens in this study. This statement is supported by a relatively low 6.1% 

decrease in porosity, between the yield and densified phase, for these specimens, as 

well as a a gradual incline in trabecular number (Figure 36e).   

In contrast, for transverse specimens, the average decrease in porosity was 

28.8% and the trabecular number almost doubled in the densified phase compared 
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to the other two phases.  Structure model index results also showed a drastic 

change in magnitude in the densified phase for transverse specimens and a gradual 

change for longitudinal specimens (Figure 36i).   

All these results point to probably insufficient compression of the 

longitudinal vertebral cancellous bone specimens in this study.  Because of these 

reasons, the high correlation coefficient for k - " in the densified phase should be 

discounted. 

The change in bone volume at each of the compressed phase is intriguing 

(Figure 36c); this phenomenon is reflected by a similar trend for trabecular 

thickness (Figure 36f).  As compared to the plateau and densified phases (ave. 

24.60 mm
3
), the average bone volume in the intact phase (18.03 mm

3
) is lower.  

The amount of bone in the cancellous bone should have remained the same or be 

lowered when compressed.  Lower bone volume can be explained by disjointed 

trabecular struts falling off when compressed.  Average trabecular thickness for 

intact cancellous bone was 0.16 mm, and that of the plateau and densified 

cancellous bone was 0.19 mm.  We would expect trabecular thickness to remain 

constant as compression would produce buckling of the trabecular struts and not 

reduce the thickness.  This increase in trabecular thickness, for the transverse 

specimens in the densified phase, can be attributed to the µCT images not being 

able to capture minute spaces that are < 14.25 µm.  This results in the 

microarchitecture analysis software combining these two adjacent trabeculae as a 

single thicker trabecular strut.  A collection of thicker trabecular struts will 

therefore reflect as increased bone volume.  
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The measurement of trabecular pattern factor quantifies the connectivity of 

cancellous bone (Appendix G).  As cancellous bone is compressed, it is expected 

that the individual trabeculae will buckle and eventually break, hence losing 

connectivity.  A lower trabecular pattern factor signifies higher connectivity and 

this is contradictory to what was observed in our measurements of the cancellous 

bone microarchitecture as they were compressed (Figure 36h).  In an extreme case, 

transverse specimens compressed to densification measured a negative trabecular 

pattern factor, implying a highly connected surface.  As trabeculae break, new 

surfaces are exposed.  Meaning, a higher bone surface area would imply that the 

trabeculae network is not as well connected as a specimen having a lower bone 

surface area.  Bone surface density (Figure 36d) had an increasing trend as 

specimens were compressed.  The number of trabeculae per unit length, or 

trabecular number, also exhibited the same trend (Figure 36e).  Both these 

architectural parameters reiterate the fact that compression of vertebral cancellous 

bone specimens results in a more disconnected trabeculae network, contradicting 

the results for trabecular pattern factor.  It could mean that the measurement of 

trabecular pattern factor should be restricted for relative comparison of cancellous 

bone specimens as extracted.  Artificial rearrangement of the trabecular network, 

using compression in this case, appears to yield contradictory results.  

Structure model index measures the prevalence of rod- or plate- like 

trabeculae within the cancellous bone specimen (Appendix G).  As cancellous bone 

specimens were compressed to the plateau phase it was observed that the 

measurement of the structure model index does not change significantly (Figure 
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36i).  This observation is correct as rod- or plate- like trabeculae are dependent on 

bone remodeling mechanics.  Cancellous bone loss in osteoporotic patients 

involves a conversion of trabecular plates to rods and then susequent disconnection 

[Liu et al., 2006]. 

 

3.4.2 Microarchitectural Parameters that affect Permeability of Intact Vertebral 

Cancellous Bone 

The permeability testing and microarchitectural analyses on the intact 

cancellous bone performed in this chapter have identified several parameters that 

are linearly related to k.  The strength of these relationships is as strong as the 

relationship between porosity and k (Table 8), another indication that porosity may 

not be the only predictor of k.  Trabecular pattern factor has a stronger relationship 

with k than with porosity, before and after mathematical transformation for 

normality.  Trabecular pattern factor quantifies connectivity, and its positive 

correlation co-efficient indicates that as cancellous bone loses its connectivity, k 

increases accordingly (Appendix G).  An increase in trabecular number and bone 

surface density exhibited a negative correlation coefficient, meaning that k 

decreased as these two parameters increased.  This is logical as the ease of flow of 

fluid is dependent on the number trabeculae in its path as well as shear forces 

between the fluid and trabeculae surfaces.  It is for the same reason that k decreased 

as bone volume increased.   

Trabecular pattern factor or connectivity is indirectly associated with bone 

surface density and trabcular number.  A more connected cancellous bone 

specimen will have lower bone surface density and trabcular number as compared 
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to a less connected cancellous bone specimen.  These two microarchitectural 

parameters are also linearly related to k, hence it maybe sufficient to just use 

trabecular pattern factor instead.  The overall structural generalization of cancellous 

bone microarchitecture, either more plate-like or rod-like trabeculae, is quantified 

using structure model index.  It is safe to assume that plate-like structures, with 

larger surface areas, will generally hinder fluid flow across them due to the 

increase in shear forces, hence reducing k.   

3.4.3 Models for Predicting Permeability of Cancellous Bone 

Curve fitting using an exponential model between experimentally measured 

k and " for intact vertebral cancellous bone specimens yielded a R
2
 value of 0.22 

for longitudinally excised specimens (n = 37) and a negligible R
2
 value of 0.53 for 

transversely excised specimens (n = 33).  When an exponential law curve, fitted to 

the scatter in a semi-log graph, exhibits a straight line, it confirms the use of an 

exponential model to relate the variables of the graph.  This phenomenon is 

observed in all the graphs (Figure 36 – 39).  Weak correlation coefficients can be 

attributed to lack of number of specimens and the limited range of intraspecimen".   

To increase the number of specimens tested, k - " results from longitudinal 

and transverse vertebral cancellous bone specimens that have been compressed to 

the plateau and densified phase, were pooled.  By doing this, the range of porosity 

increases.  The porosity standard deviation was 0.016 for intact longitudinal 

specimens and 0.023 for intact transverse specimens.  This increased to 0.048 and 

0.120 when compressed vertebral cancellous bone specimens were taken into 
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account.  As a result, R
2
 for longitudinal vertebral cancellous bone specimens is 

now 0.31 and that of transverse vertebral cancellous bone is 0.88.  

3.4.4  Permeability – Porosity Model based on Pooled Literature Results 

Although the correlation between k and "  improved through the addition of 

compressed specimens, the magnitude of permeability values for transversely 

excised vertebral cancellous bone specimens is larger than that of longitudinally 

excised specimens (2.90E-09 vs. 2.14E-09 m
2
).  This resulted in permeability 

anisotropy of 0.75, contradicting theoretical and experimental conclusions that 

permeability along the longitudinal axis of cancellous bone should be larger than 

along the transverse axis [Naumen et al., 1999].  Therefore, the k - "  models, from 

experimentally measured data, were considered invalid.   

To obtain k - "  models of higher confidence, results obtained from the 

published literature were pooled and compared with our data.  This pool of k - " 

data from literature included cancellous bone from various species and across all 

anatomical locations.  Exponential curve fitting obtained an R
2 

value of 0.85 and 

0.89 for longitudinal and transverse specimens respectively (Figure 38 and Figure 

39).   

Based on intact vertebral cancellous specimens, R
2
 was increased when 

using other microarchitectural parameters in addition to".  It can also be seen from 

Section 3.3 that the range of microarchitectural parameters was not significant.  

This small range of "  will tend to skew the results obtained.  A mathematical 

model to predict k should be derived from a larger range of "  to ensure higher 

confidence in the model.  Also, a larger range of "  will help determine if other 
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curve fits, e.g. Power- or exponential-curve would be more appropriate.  By 

pooling k –"  values from other investigators, a larger range of "  was thus 

obtained.  However, other investigators did not study the other microarchitectural 

parameters measured, hence "  is still main predictor of k in this dissertation.   

It was observed that as the number of specimens increased, the correlation 

coefficient increased accordingly (Table 10).  The best model, consisting of all 

available data on cancellous bone permeability to date, can account for up to 85% 

and 89% of k variance longitudinally and transversely, by using % as a predictor.  

These were the models used for intraosseous PMMA flow simulation throughout 

this dissertation. 

Table 10 Prediction models for permeability of cancellous bone. 

A summary of k – "  mathematical models for cancellous bone aligned longitudinally and 

transversely.  Included are the R
2 

values for an exponential-law mathematical model, the number 

of specimens and the permeability ratio between longitudinal and transverse specimens.  

Equations in bold were used for automatic assignment of permeability values based on Hounsfield 

units. 

Specimen Direction
 Mathematical 

Equation 
R

2
 n Mean (SD) 

trans

long

k

k
 

Measured 

Intact 

Vertebral 

Cancellous bone 

(Figure 36) 

Long  

Trans
 

k = 2E-10e
2.61"              

k = 4E-10e
2.54" 

0.22       

0.53 

37          

33 

2.14E-09 (1.86E-10) 

2.90E-09 (1.69E-10) 
0.74 

Measured 

Intact, Plateau and 

Densified 

Vertebral 

Cancellous bone 

(Figure 37) 

Long  

Trans 

k = 2E-10e
2.44"              

k = 6E-11e
4.48" 

0.31       

0.88 

1

11          

99 

1.73E-09 (3.62E-10) 

1.84E-09 (8.92E-10) 
0.94 

Measured and 

Literature
*
 

Intact 

Cancellous bone 

(Figure 38 and 39) 

Long  

Trans 

k = 5E-14e
13.56"            

k = 3E-14e
13.96" 

0.85       

0.89 

183      

191 

8.31E-09 (2.30E-08) 

4.24E-09 (1.08E-08) 
1.96 

* Permeability and porosity data obtained from various species and across all anatomical locations. 
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3.5 Inferring Permeability from Clinical CT Data 

Through mathematical modeling of measured k and " data, k – "  

relationships have been obtained (Section 3.3.2 and Table 10).  These models allow 

k to be approximated given a " value.  From clinical CT images, information on "  

of bone cannot be inferred directly.  Using 32 porcine vertebral cancellous bone 

specimens, a " - Hounsfield Unit (HU) relationship was obtained (Appendix F).  

HU is a quantitative scale used to describe CT intensity from clinical CT images.  

Porcine cancellous bone cube specimens were excised using the slow speed 

diamond saw cutter.  The specimens were submerged in phosphate buffered 

solution and subsequently imaged in a clinical CT scanner.  After clinical imaging, 

the specimens were placed in an ultrasonic bath to remove the blood, marrow and 

fat trapped within the pores of each cancellous bone specimens.  A 27-gauage 

needle was used to manually remove the substances still trapped after ultrasonic 

dislodging.  Subsequently, porosity of each specimen was obtained through 

microCT imaging and dataset analysis.  For each specimen, HU was obtained using 

the freeware DicomWorks [Puech and Boussel, 2000].   HU of each cancellous 

bone was obtained by averaging three random HU reading given by DicomWorks 

for each bone cube specimen.  Working on the clinical CT dataset, HU readings of 

the cancellous bone cubes were obtained by highlighting a region of interest using 

an area tool in DicomWorks (Figure 42).  A linear relationship, the " - HU linear 

model, was then obtained (Figure 42).   
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Finally, a k – HU mathematical model can be used to provide automatic 

permeability values to the finite volume model.  By substituting the HU - " model, 

into the k - " model: 

 
!b

aek = now becomes 

!
"

#
$
%

& '

= 2.2116

5.2147 HU
b

aek   Equation 3 

Where a and b are constants of the exponential model. 

Therefore, inferring HU information from clinical CT datasets, we can now 

approximate k, which is essential for automatic patient-specific meshing of the 

vertebral body.  
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Graph of HU vs. Porosity
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Figure 42 Relationship between clinical CT Hounsfield to porosity of vertebral cancellous bone 

Approximation of porosity of vertebral cancellous bone from clinical CT images cannot be done 

directly.  A linear correlation between porosity (") and scaled clinical CT intensity or Hounsfield 

units (HU) of vertebral cancellous was obtained.  To obtain the HU of cancellous bone, excised 

porcine vertebral cancellous bone were imaged using a clinical CT.  DicomWorks [Puech and 

Boussel, 2000] was employed to obtain HU of each cancellous bone specimen (above).  Porosity 

values were obtained using microCT imaging and microarchitectural analyses (inset) (Section 3.2.5).  

Subsequently, with porosity and HU values, a "  - HU model is obtained and we are now able to 

infer permeability values from clinical CT images. 
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3.6 Limitations 

" Permeameter design. 

Basic laboratory consumables were used for constructing the 

permeameter used in this dissertation.  This rather simplistic permeameter 

may draw criticisms, but this approach was chosen after considering several 

key design factors.  These factors include: 1. to maintain a secure fit of 

cylindrical cancellous bone specimen within the permeameter without 

external aids that could interfere with the flow of fluid, 2. reduce the need 

for pressure sensors which would otherwise compromise the already small 

pressure drop across the bone specimen, 3. forgo the use of compression 

machines to induce a constant flow or head, thereby eliminating effects of 

machine compliance on the results, and 4. ensure that flow is laminar within 

the permeameter.  These considerations have led to the design of the falling 

head permeameter as used here.  Presently, interfacing silicon rubber tubing 

is required between the falling head tube and permeameter.  A custom made 

falling head tube could be manufactured to eliminate the need for such 

tubing, leading to a direct connection to the permeameter. 

As previously mentioned, the permeability results obtained using the 

custom permeameter were inconclusive.  This was deduced from the 

observation that the magnitude of permeability for specimens excised along 

the transverse axis was larger than that for specimens excised along the 

longitudinal axis.  For all experiments, the apparatus used to construct the 

permeameter and experimental parameters were kept constant.  The time 
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take for the fixed volume of water to flow across each cancellous bone 

specimen was measured using a stop watch, which was manually operated.  

This could potentially be a key source of error.  Taking for example 

specimen no. 2 (Appendix H), the average time for water to permeate 

through the specimen was 9.72 s.  A mere 0.1 s delay in time measurement, 

9.82 s, would cause a 1.25% decrease in the resultant permeability value.  

The speed of water flowing down from the falling head tube, across the 

permeameter and finally up into the reservoir will decrease steadily and 

eventually stop in this instrument.  This is when time measurement should 

be halted; manual timing to coincide with the stop in water flow requires 

anticipation.  Although time measurement was done by the author alone, 

inherent variability may have contributed to the observed unexplainable 

results.  Timing of the water flow could have been automated by using 

sensors that read the water levels in the reservoir tube; this could have 

eliminated any human error involved when using a stop watch.   

 

" Pooling of data from literature 

To increase the number of specimens, k - % data were pooled from 

literature.  Pooling of data was done without taking into consideration the 

differences in experimental setup, or the principle in setup.  This implies 

that no consideration was taken if pooled specimens were measured using a 

constant head, constant flow rate or falling head permeameter methods and 

at what magnitude.  Fortunately, so long as the assumptions of Darcy’s law 
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are met, permeability should remain constant regardless of pressure 

differential or flow rate across a particular specimen [Darcy, 2003]. 

 

" Permeability testing using actual PMMA bone cement 

Permeability measurements were performed using water as the 

flowing medium.  In actual fact, what is of interest is the flow of PMMA 

within the cancellous bone specimens.  Unfortunately, PMMA cement 

solidifies, rendering the specimen not usable for any subsequent tests.  

However, permeability is reliant solely on the microarchitecture of the 

specimen and independent of the viscosity of the flowing medium [Darcy, 

2003, 1856; Naumen et al., 1999].  The assumption taken here is that the 

Newtonian flow of water is similar to non-Newtonian flow of PMMA bone 

cement. 

 

" Evaluation of microCT software 

The analyses for cancellous bone microarchitecture were done using 

commercially available CTAn (Skyscan, Belgium).  This software was 

packaged with the microCT scanner for the evaluation of cancellous bone 

microarchitecture in particular.  Other similar software was not available for 

evaluation of microarchitectural values obtained.  In a recent study, the 

microarchitecture values obtained from this software were compared to 

measurements made from histological sections of canine mandible 

cancellous bone and have been found to be comparable [Yeo et al., 2007].  
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Also, the cancellous bone specimens excised in this dissertation were 

imaged at an isotropic resolution of 14 µm, much lower than the 

recommended resolution of 50 µm suggested by Muller [1996] for 

evaluation of cancellous bone microarchitecture.  

3.7 Conclusion 

A custom falling head permeameter was constructed and used to determine 

k for vertebral cancellous bone.  Other studies have not determined k in compressed 

cancellous bone, which is present in vertebral bodies that have fractured.  Repeated 

microarchitectural analyses, compression and permeability test were carried out to 

determine the change of these parameters as cancellous bone was compressed.  As 

expected, when cancellous bone was compressed, k decreased accordingly.  

Microarchitectural parameters that influence k were also determined and it was 

demonstrated that by using several parameters to predict k, R
2
 improved.  This is in 

comparison to using porosity alone as the predictor.   

Although several k - "  models were determined from the measured data, 

the average permeability for transverse specimens was larger than that of 

longitudinal specimens.  This contradicts theoretical explanations and prior 

literature reports of higher permeability for cancellous bone with the trabeculae 

aligned preferentially along the longitudinal axis.  Therefore, results from the 

measured data are considered inconclusive. 

Subsequently, data from other investigators using both animal and cadaver 

cancellous bones were pooled and compared to our data, and this resulted in an 

exponential curve describing the relationship between " and k.  With this 
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relationship known, the mathematical model can account for up to 85% and 89% of 

variances along the longitudinal and transverse directions respectively.  This model 

was therefore employed to automatically assign k to the patient-specific finite 

volume models.   
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4 Rheological Study on SimplexP
®
 PMMA Cement 

4.1 Introduction 

Surgical Simplex
®
P PMMA bone cement is one of the more commonly used 

PMMA cements for vertebroplasty.  The equations derived by Krause et al. [1982] for 

the viscosity – time (! – t) behavior of Simplex
®
P PMMA bone cement were based on 

composition and mixing ratio as instructed by manufacturers, which were optimised 

for conventional orthopaedic fixation rather than for vertebroplasty.  The same brand 

of cement designed for vertebroplasty today contains methyl methacrylate-styrene-

copolymer, in addition to the previously found mixture of polymethly methacrylate 

and barium sulphate.  Mixing instructions provided by manufacturers have not 

changed; 20 ml of monomer to 20 ml or 40 g of PMMA powder mixture (0.5 ml/g 

ratio) for a duration of 2 ! 3 min mixing time [Stryker, 2005; Belkoff et al., 2002].  

In the validation experiment (Chapter 6), it was found that the manufacturer’s 

instructions to prepare the PMMA bone cement for vertebroplasty rendered the 

loading of the cement into the syringes and injection of the cement into the vertebral 

body too difficult because of rapid setting and very high viscosity.  Thus, after 

consulting the radiologists at the National University Hospital, Department of 

Diagnostic Imaging, the monomer to powder ratio was altered to 1.0 ml/g and mixing 

time was reduced to 45 secs prior to loading of the syringes and injection.  The change 

in ! – t behavior, due to these measures for increased ease in injection of PMMA bone 
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cement, is unknown.  It is therefore of utmost interest to derive new equations that 

describes the new ! – t behavior, such that they can be reflected in the CFD 

simulations.   

 

4.2 Materials and Methods 

4.2.1 Rheological Testing of PMMA Bone Cement 

Rotational Rheometer 

A C-ARES 100/100FRT rotational rheometer (TA Instruments, Delaware, 

USA) was made available from the Biofluids lab, Division of Bioengineering, 

National University of Singapore (Figure 43).  The C-ARES has a parallel-plate sensor 

system.  Liquid samples between the parallel plates can be exposed to shear for any 

length of time [Schramm, 2000].  The boundary conditions imposed on the fluid by 

the parallel-plate design will lead to laminar flow, and allow a mathematical treatment 

of measured data.  The C-ARES requires a controlled shear rate,!& , input and the 

resulting shear stress, ', is then measured.  Such rotational rheometers are termed 

controlled rate- or CR-rheometers.    

A parallel-plate configuration was chosen, as compared to a cone-plate 

configuration.  This was partly to facilitate removal of polymerized PMMA bone 

cement after the experiment.  For the parallel-plate configuration, the bottom plate is 

driven by a motor.  The bottom plate is controlled at a preset speed whilst the top plate 

is held stationary.  The driving forces will cause liquid PMMA bone cement sample in 

between the plates to flow.  Resistance of the PMMA bone cement to shearing 

between the driven and stationary plates results in a torque that counteracts the torque 



 

125 

provided by the motor.  A torque detector is used to measure the resultant torque, 

which is in turn related to viscosity (!).  The C-ARES 100/100FRT is capable of 

applying !&  ranging from 0.01 - 100 s
-1

.  The rheometer also has an option to apply 

temperatures of up to 600 
0
C to the liquid being tested.  This will allow the PMMA 

bone cement to be tested at temperatures found in the body. 

 

 

Figure 43  Parallel plate setup on the C-ARES 100/100FRT rotational rheometer. 

The C-ARES 100/100FRT rotational rheometer is a controlled rate rheometer (left).  

The top plate is held stationary and measures the resistive torque; bottom plate rotates 

at a determined shear rate (right).  The suggested distance between the parallel-plate, 

has been reported to be between the 0.3 ! 3.0 mm limits.  The black compartment at 

the bottom is for heated water, via enternal heater, to circulate so as to maintain the 

desired temperature on the sample through the bottom plate. 

 

Preparation and Loading of PMMA Cement 

PMMA bone cement was prepared in a Teflon bowl and mixed using a 

wooden spatula, both inert materials to PMMA [Lewis and Carroll, 2003; Dunne and 

Orr, 2002].  A stopwatch was started the moment the liquid monomer was poured 

onto the PMMA powder.  The spatula was used to ensure the mixture was 

C-ARES 100/100FRT 

Rotaional Rheometer 

Parallel Plate 

configuration 
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homogenous. Mixing was performed within 30 secs and cement subsequently drawn 

into a 1.0ml vertebroplasty syringe.  Using the syringe, 1.0ml of PMMA was loaded 

onto the bottom plate of the rheometer for testing.  The top plate was then lowered 

onto the PMMA bone cement to a height of 1.5 mm; recommended height for plate-

plate configuration is between 0.3 ! 3.0 mm [Schramm, 2000].  At a height of 1.5 

mm, the sample was compressed, causing it to expand to approximately Ø30 mm in a 

radial manner.  This was smaller than the Ø50 mm parallel plate, hence avoiding over 

spill of the PMMA bone cement sample onto the rheometer.  After the top plate was in 

place, axial force and torque was zero-ed and rheological testing was carried out.   

Testing Conditions Subjected to PMMA Cement Samples 

Shear rates of 0.1, 1.0 and 10.0 s
-1

 were chosen, spanning three orders of 

magnitude, and each of the rheological tests were configured to take measurements for 

7mins.  Several environmental conditioning was subjected to the PMMA cement 

samples (Table 11).  At body temperature (37
0
C), and for each of the!& , 3 samples of 

PMMA cement were allocated for rheological testing in Steady Shear Mode.  

Remaining samples were then allocated for rheological testing at 23 
0
C, the typical 

ambient temperature in the surgical suite.  More samples were also allocated for 

testing of environmental pre-conditioning at 37 
0
C.  These two tests were done in the 

Dynamic Shear Sweep Mode.  The Steady Shear Mode test uses a constant !& , whereas 

the Dynamic Shear Sweep Mode varies !&  throughout the testing of a single sample.  

The former produces more accurate results, but the latter is useful for providing a 

general idea of how a fluid behaves under varying!& , without sample wastage.  For all 
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rheological testing performed,', ! and t data were obtained from each of these 

rheological tests and averaged by the number of samples per!& .  

Table 11  Summary of enviromental conditions subjected to SimplexP
®
 PMMA bone 

cement during rheological testing. 

The rate of polymerization, and therefore viscosity, of any PMMA bone cement is affected by 

ambient temperature as well as the liquid monomer to PMMA powder ratio.  In an attempt to 

address this, the SimplexP
®

 PMMA bone cement samples was rheologically tested at 37 and 25
0
C, 

representing body and surgical suite ambient temperatures respectively.  Phosphate buffered saline 

(PBS), representing bodily fluids, was also added to determine if it affects polymerization. 

No. of 

Specimens 

(n) 

Temperature 

(
0
C) 

Environmental 

Pre-conditioning 

Shear Rate 

(s
-1

) 
Test Performed 

9 37 N.A. 0.1, 1.0, 10.0 Steady Shear 

3 37 PBS* added 0.01 ! 1.0 
Dynamic Shear 

Sweep 

3 23 N.A. 0.01 ! 1.0 
Dynamic Shear 

Sweep 

*Phosphate buffered solution 

4.3 Results 

From time of mixing, an average elapsed time of 1.2 min (SD 0.12) and 1.4 

min (SD 0.11) were required to load the mixed PMMA bone cement and to start 

rheological measurements respectively.  All of the tests stopped before 7 mins, total 

test time from mixing was on average 4.6 min (SD 0.92), when the rheometer usually 

exceeded the maximum allowable measured torque.          

4.3.1 Shear stress vs. shear rate data of SimplexP
®
 PMMA Cement at liquid monomer 

to powder ratio of 1.0ml/g  

From the start of mixing the PMMA powder and liquid monomer, time 

intervals of 0.5 min at 1.35, 1.85, 2.35, 2.85, 3.35 and 3.85 min were chosen for data 

extraction.  For each time interval, ' data were plotted against each of the three 
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chosen!& .  By visual inspection, a linear curve would not have fitted ' vs. !&  data 

(Figure 44).   

 

Figure 44  Graph of shear stress vs. shear rate data at several time intervals, for 

SimplexP
®
 PMMA cement mixed at liquid monomer to PMMA powder ratio of 

1.0ml/g. 

For each time intervals, averaged ' vs. !&  values were plotted.  By visual inspection, 

there does not seem to be a linear relationship between & vs. !& . 

 

Scatter plot data can be fitted with a power-law or exponential-law curve if 

linear regression is strong on a log – log plot and semi – log plot respectively.  Linear 

regression performed on log-transformed ' vs. log-transformed !&  data yielded high 

R
2
 values.  This indicated that a power-law curve could indeed be fitted to the data ( 

Figure 45).    
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Figure 45  Graph of log (shear stress) vs. log (shear rate) data at several time 

intervals, for SimplexP
®
 PMMA bone cement mixed at liquid monomer to PMMA 

powder ratio of 1.0 ml/g 

When shear stress (#) and shear rate (!) data was log – transformed, linear correlations was 

observed.  This indicates a power-law relationship existed between # and ! 

 

 

Therefore, by taking the log of both ' and!& , the relationship is linearized and 

consistency and flow index, CI and FI, can be subsequently obtained through (Table 

12):  

log(') = FI log (!& ) + log (CI)    Equation 4 

 

 

 

Table 12   Flow and consistency indices at several time intervals. 
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This table indicates FI and log (CI) values at several time intervals.  High R
2
 values, obtained from 

linear correlation analyses between log (shear stress) and log (shear rate), indicate a power-law 

mathematical model describing the relationship between shear stress and shear rate. 

t (mins) Shear Rate (s
-1

) Power Law Regression 

 0.1 1.0 10.0 FI log (CI) R
2 

1.35 0.02 1.58 8.20 0.62 1.32 0.93 

1.85 0.22 6.30 18.12 2.94 0.95 0.92 

2.35 1.77 14.90 52.60 11.16 0.74 0.98 

2.85 2.58 30.45 115.22 20.84 0.83 0.97 

3.35 5.50 55.21 205.90 39.70 0.79 0.98 

3.85 18.31 94.23 346.71 84.26 0.64 0.99 

 

 

4.3.2 Flow Index as a Function of Time  

Flow index (FI), obtained from the slope of the log (') vs. log (!& ) curves, 

were plotted against time interval.  Linear correlation analyses with, log-transformed 

FI vs. log-transformed t and log-transformed FI vs t, did not yield a stronger 

correlation co-efficient.  Therefore, a mathematical model relating FI and t was 

derived through linear regression (Figure 46): -  

 

FI = -0.22 (t) + 1.4; R
2
 = 0.82   Equation 5 

 

This linear model had a high R
2
 value, which indicates that the model accounts 

for up to 82% of the variances in FI. 

 



 

131 

 

Figure 46  Graph of flow index vs. time data, for SimplexP
®
 PMMA bone cement 

mixed at liquid monomer to PMMA powder ratio of 1.0ml/g. 

The flow index (FI) vs. time (t) data for SimplexP
®

 PMMA bone cmenet mixed at 

liquid monomer to PMMA powder ratio of 1.0 ml/g can be described using a linear 

model.  82% of variance can be explained with the linear model, FI = -0.217 (t) + 1.41.  

 

4.3.3 Consistency Index as a Function of Time 

Unlike its untransformed data, linear regression on log-transformed CI vs. time 

data yielded high R
2
 values, indicating that an exponential-law curve could be a better 

fitted to the data (Figure 47).  Therefore, the relationship between log-transformed CI 

and time and is best represented by: 

 

! 

CI = 0.09e
1.8t

; R
2
 = 0.96   Equation 6 

 

The high R
2
 value indicates that using this exponential model accounts for up 

to 96% of the variances in CI. 
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Figure 47  Graph of Consistency index vs. time data, for SimplexP
®
 PMMA bone 

cement mixed at liquid monomer to PMMA powder ratio of 1.0ml/g. 

The consistency index (CI) vs. time (t) data for SimplexP
®

 PMMA bone cement 

mixed at liquid monomer to PMMA powder ratio of 1.0 ml/g can be described using 

an exponential model.  96% of variance can be explained with the exponential model, 

CI = 0.09e
1.81

 
(t)

.  

 

4.3.4 Viscosity (!) as a Function of Time (t) 

The initial equation used for describing the flow of PMMA bone cement have 

now been modified to be a function of time, taking into account the polymerization 

effect of PMMA bone cement based on a liquid monomer to powder ratio of 1.0ml/g: 

 

4.0)(21.0)(8.1 )(09.0)( +!
=

tt
et "# &    Equation 7 

 

From rheological testing, ! data was also extracted from the output of the 

rheometer.  For each tested!& , measured ! – t curves were plotted and compared to 

curves generated using the derived equation (Figure 48).   
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Figure 48 Graph of viscosity (!) vs. time (t) data, for SimplexP

®
 PMMA bone cement mixed at 

liquid monomer to PMMA powder ratio of 1.0ml/g, when subjected to rheological testing at a 

shear rate of 0.1, 1.0 and 10.0 s
-1

. 

For shear rates (top graph) 0.1, (middle graph) 1.0 and (bottom graph) 10.0 s
-1

, experimentally and 

theoretically derived ! – t curves were plotted for comparison.  Experimental curves were based on 

mean ! values; error bars represent the standard deviation at each time interval.  Theoretical curves 

were based on the derived equation, 
4.021.08.1 )(09.0)( +!

=
tt

et "# & . 
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4.3.5 Comparison of Models for SimplexP
®
 PMMA bone Cement at Different Liquid 

monomer to Powder Ratio 

Using equation 10, FI, CI and ! for different time intervals and!&were 

obtained.  For comparison, the derived mathematical model and that published by 

Krause et al. that described PMMA bone cement flow based on a liquid monomer – 

powder ratio of 1.0ml/g, was used to generate FI, CI and ! for different time intervals 

and!& (Table 13)(Figure 49).   

 

Table 13 Flow index (FI), consistency (CI) and viscosity (!) values for SimplexP
®
 PMMA bone 

cement at different liquid monomer - PMMA powder ratios and time points. 

As a comparison, FI, CI and ! values at different time intervals for SimplexP
®

 PMMA bone cement 

were determined via equations 
67.102.039.0 )(269)( !!

=
tt

et "# &  (Table 6) and 

4.021.08.1 )(09.0)( +!
=

tt
et "# & (equation 10) for liquid monomer to PMMA powder ratios of 0.5 ml/g 

[Krasue et al., 1982] and 1.0 ml/g respectively. 

Viscosity, ! (Pa s) 
Monomer to 

powder ratio 

Time         

t (min) 

Flow 

Index    

FI 

Consistency 

Index       

CI 
!&= 0.1 

(s
-1

) 

!&= 1.0 

(s
-1

) 

!&= 10.0 

(s
-1

) 

1.35 -0.70 455.4 22667.7 455.4 9.1 

1.85 -0.71 553.5 28190.0 553.5 10.9 

2.35 -0.72 672.6 35057.7 672.6 12.9 

2.85 -0.73 817.5 43598.4 817.5 15.3 

3.35 -0.74 993.5 54219.8 993.5 18.2 

0.5ml/g 

! - t model 

By 

Krause et al., 

[1982] 
3.85 -0.75 1207.4 67428.8 1207.4 21.6 

1.4 1.12 1.0 0.8 1.0 1.4 

1.7 1.05 1.8 1.6 1.8 2.1 

2.3 0.92 5.6 6.8 5.6 4.7 

3.0 0.77 19.2 32.5 19.2 11.3 

1.0ml/g 

! - t model 

Derived in 

this 

dissertation 4.1 0.52 156.9 475.0 156.9 51.8 
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Figure 49 Polymethylmethacrylate (PMMA) bone cement rheological models at 

different liquid monomer – powder ratio. 

Difference in viscosity – time graph obtained from Krause et al. and from this dissertation 

based on monomer-powder ratio of 0.5 g/ml and 1.0 g/ml respectively.  Viscosity – time 

graphs were plotted for shear rates of 0.1, 1.0 and 10.0 s
-1

.  It can be observed that graph 

obtained through this disserataion converged at the elapsed time from mixing.  This is not 

apparent in the graphs obtained through literature.  This might indicate error in the theoretical 

models obtained by Krause et al. [1982].   

 

4.3.6 Environmental Effects on Rheological and Mechanical Properties of SimplexP
®
 

PMMA cement  

Change in Rheological Behaviour due to Environmental Effects 

The rheological behavior of PMMA bone cements is affected by 

environmental factors (Figure 50).  With remaining samples, a shear rate sweep test 

was performed to test the effects of temperature and invivo enviroment on the 

rheological behavior of PMMA bone cement.   

A shear rate sweep test is done when a quick generalization of the rheological 

behavior of a fluid is required.  Each sample was tested at !& from 0.01 ! 1.0 s
-1

 till 

the maximum allowable torque was exceeded, and the rheometer automatically 
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stopped the measurement.  Tests were carried out at temperatures of 22 
0
C and 37 

0
C 

to simulate rheological behavior at ambient room temperature and in the body of a 

patient respectively.  Also, to test the effects of an in vivo environment on the 

rheology of PMMA bone cement, 1.0 ml of phosphate buffered saline (PBS) was 

added to the sample and tested at 37 
0
C simultaneously.   

Table 14 Consistentcy index (CI), flow index (FI) and correlation coefficients (R
2
) of 

SimplexP
®
 PMMA bone cement with changed environmental factors. 

Temperature 

(
0
C) 

Consistency 

Index, CI 

FlowIndex,   

FI 
R

2
 

CI 

%Difference 

FI 

%Difference 

37 1186.5 2.11 0.997 N.A. N.A. 

25 291.1 2.37 0.994 % 75.47 & 17.54 

37 with PBS 48.2 1.57 0.969 % 95.93 % 25.6 

NB: Values at Temperature of 37
0
C were taken as the base value from which %Difference were 

calculated. 

 

 

Figure 50 Graph of log (shear stress) vs. log (shear rate) data for SimplexP
®
 PMMA bone 

cement mixed at liquid monomer to PMMA powder ratio of 1.0 ml/g, when subjected to 

different environmental conditioning. 

Dynamic stress sweep rheological testing were performed to obtain a general idea of the effects 

of temperature changes and addition of phosphate buffered solution (PBS) to SimplexP
®

 PMMA 

bone cement.  When shear stress vs. shear rate data are log transformed, the same linear trend is 

observed. 
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Changes in Mechanical Behaviour 

After loading of PMMA bone cement samples into the rheometer has 

performed and rheological testing commences, samples were prepared for mechanical 

testing.  The remainder of the PMMA cement in the Teflon bowl was scooped up and 

placed into a custom stainless steel mould that was fabricated beforehand for this 

purpose [ASTM F451-99] (Figure 51).  Upon complete polymerization, the Ø6 mm x 

7 mm cylindrical PMMA bone cement sample could be ejected.  Subsequently, 

samples were tested using the Instron 3345 universal testing machine under the same 

testing conditions as used before on cancellous bone specimens.  Mechanical stiffness, 

E and yield strength, %yield, values were obtained from this compression test (Figure 

52). 

 

Figure 51  Stainless steel mold used to produce PMMA cement plugs for 

mechanical testing. 

Following standardized guidelines for testing mechanical strength of PMMA 

bone cements.  An aluminum mold was fabricated and used to produce PMMA 

bone cement samples for mechanical testing.  Viscous PMMA bone cement 

was pressed into these molds by hand and access PMMA bone cement was 

removed using a glass slide.  This provided the parallel ends needed for 

mechanical testing. 
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Figure 52 Compressive modulus and strength for polymerized PMMA 

bone cement. 

Mechanical strength and stiffness of polymerized PMMA bone cement samples were 

evaluated.  These samples were based on monomer-powder ratio of 0.5 ml/g, same 

monomer-powder ratio with PBS, and an increased monomer-powder ratio of 1.0 

ml/g.  Each category had half a dozen samples (n = 6). 

 

4.4 Discussion 

4.4.1 Rheological Testing 

Only two dosages of PMMA bone cement were made available for rheological 

testing as the rest were allocated for experimental vertebroplasty (Chapter 6).  Each 

dosage was subdivided into smaller samples, which provided at least 1.0 ml of PMMA 

cement based on the specified 1.0 ml/g monomer – powder ratio, for rheological 

testing.  Therefore, at each!& value tested, only 3 samples were allocated.  It was 

specified through the controller software of the rheometer to test each sample for a 

span of 7 mins, but none of our samples managed to reach the full time length.  This 

was because the C-ARES rheometer did not allow for measured torque of more 120 
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gcm, or 11.77E-6 kNm, automatically stopping the testing once this limit is reached.  

Therefore, none of the samples were tested for the specified full time span, even 

though the PMMA cement had not polymerized or hardened completely.  It was 

observed during vertebroplasty on the cadaveric specimen (Chapter 6), that the 

injection of PMMA cement from the time of mixing, took less than 3mins on average.  

Clinically, injection time may take up to 7 mins to ensure that there is no 

extravasation.   

4.4.2 Viscosity Changes due to Modification of Monomer – Powder Ratio 

According to the derived modified power-law models (Equation 10) for flow 

of SimplexP
®
 PMMA bone cement, �  is directly affected by CI and FI values.  As a 

general observation, as time from mixing elapsed from t 1.4 ! 4.1 min, FI decreased 

and CI increased; resulting in an increasing � .   

For PMMA bone cement mixed using a monomer to powder ratio of 0.5 ml/g, 

its flow index, FI0.5, was found to be below 1,  reinforcing that it is indeed a pseudo-

plastic material.  At a monomer: powder ratio of 1.0 ml/g, FI1.0 is above 1. Now, 

PMMA bone cement is actually a dilatant fluid, but as time elapsed after mixing, FI1.0 

decreased and tended towards being less than 1.   

At a constant injection rate and as PMMA bone cement infiltrates the micro 

sized pores of cancellous bone, !& increases [Krause et al., 1982].  For pseudo-plastic 

fluid, an increase in !&  is met by a sudden sharp increase in #.  In contrast, dilatant 

fluids exhibit a more gradual increase in # (Figure 28).  Consistency reflects the ability 

of PMMA bone cement to hold its form; hence a higher CI will mean a more ‘solid 

form’ PMMA bone cement.  At t = 1.4 min, CI0.5 is 464 times larger than CI1.0.  As 
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time elapses, that is upon progressive polymerization, the difference in CI decreases.  

At t = 4.1 min, CI0.5 is 69 times larger than CI1.0. 

As !& increased, the viscosity of PMMA bone cement viscosity decreased.  At 

low !&  of 0.1/s, 

! 

"
0.5

 was approximately 23000 times higher than 

! 

"
1.0

.  At higher!& of  

10.0 /s, 

! 

"
0.5

 dropped to only 9 times higher than 

! 

"
1.0

.  

 This observation implies that with the manufacturers suggested monomer: 

powder ratio of 0.5 ml/g, a high injection rate is required to facilitate injection of 

PMMA bone cement into the vertebra.  Altering the monomer to powder ratio to 1.0 

ml/g would allow easier injection at low 
!& , or low injection rates.  This would have a 

two-fold advantage during vertebroplasty.  First, the surgeon or radiologist can 

perform a more controlled injection of the PMMA bone cements, and second, there 

will be a longer working time with the cement.   

Viscosity Changes due to Radiopacifiers 

Radiopacifiers, additives that make PMMA bone cement radio-opaque, are 

present in most commercial bone cements at low concentrations [Nussbaum et al., 

2004; Carrodeguas et al., 2004]. However, surgeons and  radiologists often mix extra 

additives prior to Vertebroplasty to facilitate visualization under fluoroscopy and to 

monitor for possible PMMA bone cement extravasation [Provenzano et al., 2004].  To 

increase the radiopacity of PMMA bone cement, additives of choice include tantalum 

powder, barium sulfate, or zirconium dioxide [Nussbaum et al., 2004; Ginebra et al., 

2002].  Addition of these compounds into PMMA bone cement will of course alter its 

viscosity – time rheological behaviour.  To the knowledge of the author, only one 
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study characterizes the viscosity – time rheological changes after the addition of 

radiopacifiers.  Nzihou et al. [1998] performed rheological testing on in house PMMA 

with radiopacifiers zirconium dioxide, zinc oxide and titanium dioxide at varying 

volume fractions within the PMMA.  The radiopacifiers used had the same shape, 

dimension and particle size distributions. Zirconium dioxide, zinc oxide and titanium 

dioxide have densities of 5890, 5610 and 4170 kg/m
3 

respectively.  These additives 

increase viscosity and this increase is affected by the density of the radiopacifier 

(Figure 53).  Varying the amount of radiopacifier added to the PMMA bone cement 

would also alter the shear thickening effect (Figure 53).  Therefore, if radiopacifiers 

are used, recharacterization of the PMMA bone cement is required.  The approach for 

rheological modeling used here can be followed. 

  
(a) (b) 

Figure 53 Changes in Rheological Behavior due to Addition of Radiopacifier to 

Polymethylmethacrylate (PMMA) Bone Cement 

Change in PMMA bone cement viscosity due to the addition of radiopacifiers zirconium dioxide, zince 

oxide and titanium oxide is observed (left).  These radiopacifiers have particles that are similar in 

dimensions, shape as well as particle-size distribution, only difference is their density.  This change in 

viscosity is affected by the volume fraction of radiopacifiers added to the PMMA bone cement (right).  

Images were reproduced from Nzihou et al., 1998. 
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4.4.3 Environmental Effects on Rheological and Mechanical Properties of SimplexP
®
 

PMMA cement  

To understand the changes in rheological and mechanical properties of PMMA 

bone cement, knowledge in material science, specifically polymer science, has to be 

applied.  Here, we present and quantify the general observation of these changes and 

suggest how it can be applied for simulation.  Reasons behind the changes are beyond 

the scope of this dissertation.  

Change in Rheological Behaviour 

It can be seen that for the two different temperatures, the power-law curves are 

almost parallel.  From Equation 7, it had been shown that FI is the slope and CI is the 

y-intercept of the straight power-law curves on a stress vs. strain scatter plot.  

Therefore, it can be said that n is constant if the liquid monomer – PMMA powder 

ratio is constant and that the difference lies in CI; the consistency index at 25 
0
C is 

higher than that at 37 
0
C.  Therefore, if n, t and !&  are constant, ! at 25 

0
C will be 

higher then ! at 37 
0
C.  When in contact with PBS, both CI and FI are altered.  Slope 

FI now has a smaller gradient, but the y-intercept CI is larger for samples without 

PBS. 

Changes in Mechanical Behaviour 

From results obtained through the performed mechanical compression testing, 

when monomer to powder ratio was increased from 0.5 ml/g to 1.0 ml/g, averaged 

mechanical compressive stiffness dropped by 42% (2355 vs. 1254 MPa). Mechanical 

yield strength remained the same (72.6 vs. 72.5 MPa), so it can be said that the change 

in monomer to powder ratio did not alter the molecular chain bonds of PMMA bone 
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cement.  However, the relatively large standard deviation at monomer to powder ratio 

of 1.0 ml/g deems this observation inconclusive.   

The large standard deviation may be due to porosity caused by hand mixing 

[Pascal et al., 1999].  At the atomic scale, mechanical stiffness is determined by the 

ease at which chains of polymers unfold and slide passes each other.  The reduction in 

stiffness can be attributed to the increase in monomer matrix volume fraction, 

resulting in a corresponding decrease in PMMA beads in the monomer matrix.  The 

decrease in PMMA beads would mean a decrease in resistance to atomic sliding or 

reinforcement [Belkoff et al., 2002]. 

At the monomer to powder ratio of 0.5 ml/g, it was observed that with the 

addition of phosphate buffered saline (PBS) prior to complete polymerization, 

averaged mechanical strength and stiffness of SimplexP
®
 PMMA bone cement 

decreased by 9.6% (2355 vs. 2128 MPa) and 10.4% (72.6 vs. 65.1 MPa) respectively.   

When PMMA bone cement is in contact with aqueous solutions, it steadily 

absorbs the solution until the process equilibrates [Pascual et al., 1999].  Chemically, 

the constituents in PBS might have an adverse effect on the strength of the molecular 

bonds within PMMA bone cement.  Mechanically, solutions will act as a plasticizer 

within the PMMA bone cement.  These two explanations may account for the 

observed reduction in both compressive stiffness and strength.   

4.5 Limitations 

" Number of specimens 

The most significant limitation in the rheological testing of SimplexP® 

PMMA bone cement is the number of samples tested.  Except for mechanical 
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testing, for all rheological testing conditions, readings from 3 samples were 

taken and averaged.  The amount of PMMA bone cement was limited and this 

was due to two reasons.  Each vertebroplasty PMMA bone cement kit had 

enough liquid monomer to PMMA powder at a 0.5ml/g ratio.  Increasing the 

monomer – powder ratio to 1.0 ml/g would mean a reduction in PMMA bone 

cement yield from each kit.  The second reason was the cost of purchasing 

PMMA bone cement.   

 

" Monomer to powder ratios 

A series of viscosity – time curves, obtained from varying monomer – 

powder ratios, would have made a useful guideline for Vertebroplasty 

application using SimplexP® PMMA bone cement.  Unfortunately, the number 

of samples was limited.  Hence, the focus in this dissertation was to provide 

rheological models for liquid monomer to powder ratio of 1.0 ml/g.  It would 

be recommended that such work be extended to other types of PMMA bone 

cement for a complete characterization. 

 

" Air bubbles 

Upon mixing, the PMMA bone cement was mixed manually to ensure 

complete mixing.  After mixing for about a minute, the PMMA bone cement 

was then transferred onto the parallel plates of the rheometer.  Both mixing 

and transferring of the samples could have introduced air bubbles within the 
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PMMA bone cement mixture.  These air bubbles potentially can affect the 

results from both rheological and mechanical testing. 

 

" Shear rates tested 

The C-ARES rheometer made available for this work was limited to 

constant shear rate testing of 0.1 to 10 s
-1

.  This limited the number of 

datapoints on the shear stress vs. shear rate graph.  Capillary rheometers are 

capable of higher shear rates, up to 10000 s
-1

.  It is recommended that both 

types of rheometers should be used for rheological testing.  This is to increase 

the shear stress vs. shear rate datapoints in the probability that more accurate 

rheological models can be achieved.  

4.6 Conclusion 

A mathematical model that describes the ! – t, based on a monomer-powder 

ratio of 1.0ml/g, has been derived, fulfilling one of the objectives of this dissertation.  

As required, this model takes into account both the rheopectic and pseudo plastic 

behavior of PMMA bone cement.  Versatility of this model is showed by its ability to 

factor environmenetal conditioning due to changes in temperature and contact with 

PBS.  This is done by finding the percentage change in CI and FI values, as compared 

to those at the reference condition, in this case at temperature of 37 
0
C. 
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5 Mesh Generation for Patient Specific Vertebral Body 

5.1 Introduction 

As mentioned (Section 2.7.1), the major disadvantage of voxel-based meshing 

for computational simulation, is its inability to conform to complex geometries at the 

boundaries.  Fortunately, this technique can be employed for simulating intra-osseous 

PMMA bone cement flow simulation because of the following reasons: - 

• Permeability of cancellous bone is anisotropic and values differ according 

to anatomical direction, voxel-based meshing allows orientating of the 

elements to correspond to these anatomical directions.  Tetrahedral meshes 

that generated automatically are usually orientated randomly. 

• For filling any volume with elements, fewer hexahedrals are required 

compared to tetrahedrals, reducing computational resources required for 

simulation and storage.  

• It is simple to implement. 

 

In this chapter, the algorithms for voxel-based FV meshing, smoothening of 

the surface elements and the grouping of generated hexahedral elements based on 

threshold value are presented.  This is followed by an initial test of the algorithms 

using CT dataset of a single vertebral body as input.  The FV mesh of this single 

vertebral body would be subjected to “vertebroplasty”, simulating the intraosseous 

PMMA bone cement flow using CFX5.7.1 (Ansys Inc., PA, USA).  Subsequently, on 

assumption that the PMMA bone cement has hardened, the FV mesh together with the 
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resultant spatial distribution of PMMA bone cement is converted into a FE mesh for 

post-vertebroplasty stress/strain analyses using ABAQUS. 

5.2 Materials and Methods 

5.2.1 Segmentation of CT Dataset 

To shorten patient CT dataset to FV mesh turnover time, meshing should be 

fully automated.  Prior to meshing, the input radiological images have to be pre-

processed.  Most CT images contain other anatomical structures together with the 

vertebral body.  Image processing techniques have to be used to identify the regions of 

interest that represent the anatomical structures of interest.  In radiological image 

processing, segmentation indicates the action of partitioning digital images into 

several regions as sets of pixels.  Segmentation is usually carried out according to 

various criteria.  Here, the key criterion is based on simple thresholding of the 

radiological image.  This was feasible because of the very large difference in CT 

attenuation values between mineralized bone and other surrounding soft tissues.   

Thresholding involves grouping pixels of an image into two groups, G0 or G`1.  

Based on a user input threshold, say t, a pixel is placed into G0 or G1 if the pixel value, 

px is larger or smaller than t (Figure 54).  Throughout the dissertation, thresholding is 

used to separate the vertebral body from other tissues visible in CT.  CT images of the 

lumbar regions are preferred, because the vertebral body is the only bony structure, 

and hence simplifies segmentation. 
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Figure 54  Schematic representation and actual segmentation of computed tomography 

(CT) image datasets. 

Each voxel on a CT image dataset contains attenuation information that corresponds to the 

density of the anatomical tissue.  Using threshold levels, the volume of interest is identified, or 

segmented.  Because bone has a higher density as compared to the anatomical structures at the 

surrounding, it is easy to segment out the vertebral body for FV meshing.  On the left is a 

schematic representation and on the right is the segmentation of an actual spine dataset using 

an appropriate threshold value. 

 

5.2.2 Automated Modeling for Intraosseous Flow Simulation 

Generating the Vertebral Body Finite Volume Mesh 

For any 2D image, the intersecting lines between columns and rows form the 

vertices of each pixel.  Each vertex is equally spaced from the next by a unit length, 

and they can be described using a planar coordinate system.  Coordinates of these 

vertices can then be transformed into a real-world representation through the 

multiplication of the unit length representation by the image resolution.  In FV or FE 
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meshes, elements are defined by nodes, which are points in 3D space.  In this case 

vertices are the nodes, and each pixel is now a planar quadrilateral element defined by 

four nodes (Figure 55).  Depending on the analysis software package used, 

information on the elements, the nodes that define the elements and the coordinates 

that define the nodes need to be formatted accordingly in a text file before a mesh can 

be generated.  In this dissertation, CFX 5.7.1 is the computational software used for all 

CFD simulations and hence the text file output from the developed custom FV mesh 

generator is in accordance to the format specified by CFX5.7.1.   In a similar fashion, 

a voxel in a 3D volumetric dataset will become a cube, a hexahedral element, defined 

by 8 nodes (Figure 55).  With any segmented dataset identifying the volume of 

interest, this was the approach taken to automatically generate the 3D FV mesh of the 

vertebral body. 

 

 

Figure 55 Conversion of a 2D image and 3D image datasets into planar and volumetric 

finite elements. 

To convert image(s) into FV meshes, the numbering technique to identify specific vertices 

of a single image or an image dataset is crucial.  These vertices will subsequently be used 

as nodes to define elements in a FV mesh.  Here, conversion of image pixels into a 2D FV 

mesh consisting of 4-node quadrilateral elements (left) and conversion of image dataset 

voxels into a 3D FV mesh consisting of 8-node hexahedral elements – Voxel-based FV 

meshing (right). 
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Grouping of Finite Volumes for Automatic Permeabilty Assignment 

Most simulation softwares allows the grouping of volumes and/or nodes to 

facilitate assignment of boundary and loading conditions as well as post processing of 

results.  As voxels are being converted into hexahedral elements, a sub-algorithm was 

developed to simultaneously place the elements into element groups.  Hexahedral 

elements were grouped according to voxel intensity and this step completes the total 

automatic FV mesh generation of patient-specific vertebral bodies [Crawford et al., 

2003a] (Figure 56).   

Voxel intensity, often scaled as HU for CT images, has been related to " of 

bone [Rho et al., 1995].   As presented in the previous chapter, the permeability of 

bone also correlates to its porosity.  By grouping the generated hexahedral elements 

according to the intensity or HU of the parent voxel, assignment of permeability based 

on k – HU models, can then be done automatically.  The output of the element groups 

was also in accordance to the format required by CFX 5.7.1. 

 

Figure 56 Automated grouping of elements based on threshold value. 

The schematic here exhibits the grouping of generated hexahedral elements according to 

greyscale intensity of Hounsfield unit value. This step is performed after segmentation to 

define the volume of interest (VOI).  Grouping facilitates the automatic assignment of 

properties according to the hydraulic conductance or elastic determinant matrices, based on 

predictive models for permeability or elastic modulus respectively. 
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Smoothening of the Voxel-based Mesh 

Voxel-based FV models, although generated quickly and easily, are plagued 

by result inaccuracies at the boundaries of the model.  This is because the model 

surface representation at the boundaries has an inherent discretization, or 

‘jaggedness’.  Although PMMA bone cement flow is within the vertebral body and 

will not be affected by the discretized surface, an algorithm was implemented into the 

automatic FV meshing algorithm to smoothen the surfaces.  This algorithm, published 

by Camacho et al. [1997], is suited only for pixel- or voxel-based type meshes.  For 

each node, ni, of the FV mesh, the total number of elements sharing ni is summed.  In 

a 2D all-quadrilateral and 3D all-hexahedral FV mesh, the total possible number of 

elements for each node is 4 and 8 respectively.  If ni does not have the total possible 

number of elements, it would mean that ni is found at the surface of the mesh and 

therefore can be adjusted for surface smoothening.  If the number of attached elements 

to ni, is less than half the total number of possible elements for a node, the spatial 

position of the centroid of these elements is determined and assigned coordinates (x, y, 

z)',filled with respect to ni.  If the number of elements sharing ni, is more than half the 

total number of possible elements for a node, the smoothening technique is different.  

Now the spatial position of the centroid of the empty spaces, spaces are not filled with 

voxels, is determined and assigned coordinates (x, y, z)',empty with respect to ni.  The 

formula for determining the centroid of complex solids can be found in Appendix I 

(Figure 57).  
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Figure 57  Determining centroids of elements found at the surface of a finite volume (FV) mesh. 

A specific scheme is employed to adjust nodes at the surface of the FV model such that they move 

either away or towards the model, depending on the total number of elements actually sharing that 

particular surface node.  This way, the entire surface will be smoother than the raw jagged surface of 

a voxel-based FV mesh. 

ni is then adjusted by a vector (!x, !y, !z), where:  

!x = 0.49x',empty,  !y = 0.49y',empty,  !z = 0.49z',empty or 

!x = 0.49x',filled,  !y = 0.49y',filled,  !z = 0.49z',filled 

 

The adjustment factor can range from 0 ! 0.49, and the degree of distortion of 

the surface element can thus be adjusted by varying this factor.  Unfortunately, an 

increase in factor will result in a decrease in element quality.  Low quality FV models, 

usually result in longer simulation time, as the number of iterations required for the 

solution to converge increases.  

Adjustment factor is limited to 0.49, as this ensures that the interior angles of 

each element remain less than 180 degrees and the Jacobian determinant remains 

positive.  A negative Jacobian determinant corresponds to a negative volume and 

would most definitely lead to a crash of the application running the finite element 

code [Gill et al., 1981].  The process described smoothes out the jagged edges (Figure 

58) and the entire process is implemented in the meshing algorithm (Figure 59). 
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Figure 58  Illustration of the mesh smoothening process in 2D. 

In this 2D example, the maximum number of possible elements attached to a node is 4.  If 

number of attached elements is less than half, i.e. 1 element, then the node is adjusted to 

move inwards towards the model.  Similarly, if number of attached elements is more than 

half, the node is adjusted outwards away from the model.  The same principal was 

employed and extrapolated to provide smoothened 3D voxel-based meshes in this 

dissertation. 

 

Figure 59 Smoothening algorithm for elements found on the surface of an all-hexahedral finite 

volume (FV) mesh. 

For each node, ni, on the automatically generated voxel-based FV mesh, a check is done to 

determine the number of hexahedral elements attached to it.  If the sum is equal to 8, it means 

that node is an internal node.  If the sum is not equal to 8, it means the ni is a surface node and 

subsequently another check is made to see if this surface node has more than or less than 4 

hexahedrals attached to it.  This check that determines if this surface node is to be pushed 

outwards or pulled inwards towards the FV mesh.  The centroid, or the attached elements, or the 

empty spaces have to be calculated before an adjustment vector can be used to adjust the surface 

node. 
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Clinical Decisions 

Those performing vertebroplasty have to make several decisions prior to the 

procedure [Heini and Orler, 2004; Lin et al., 2001; Heini et al., 2000; Martin et al., 

1999].  These decisions include: - 

• Uni- or bi- pedicular approach 

• Bone needle tip position within the vertebral body 

• Viscosity of PMMA bone cement 

• Speed and volume of injection 

 

It is crucial that the mesh generated and subsequent CFD simulation performed 

take into account all the above mentioned points. 

Modifications to FE Mesh 

A uni- or bi-pedicular approach and needle positioning within the vertebral 

body will directly affect the FV mesh generated.  Clinical practice entails the use of 

fluoroscopic images as guidance to position the bone needle as it is placed within the 

vertebral body before PMMA bone cement is dispensed from the tip of the needle 

[Kallmes and Jensen, 2003; Peters et al., 2002].  This needle placement has to be 

modeled to ensure accurate simulation.  It is crucial that this process be a user input.  

This is because there is no fixed guideline on needle placement and it is currently an 

empirical placement during vertebroplasty, a process driven by experience. Idealized 

placement differs depending on the anatomy of the patient and the fractured vertebra 

to be treated.  To provide such flexibility, a tri-planar user interface was developed, 

also using C programming (Figure 60).   
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Figure 60  User interface for needle positioning and the export of needle coordinates. 

A custom user interface was developed to read in and display CT images in the Axial, Sagittal, and 

Coronal planes.  The interface allowed scrolling of images using the arrow buttons.  Via the mouse, 

the needle position could be determined and adjusted accordingly.  Once satisfied, the user was able 

to export the spatial position of the front and end of the needle position.  The needle position was 

subsequently reflected in the FV mesh of the vertebral body.  Shown here is the placement for a 

single needle using a uni-pedicular approach. 

 

This interface was able to read in the radiological CT dataset of the vertebral 

body and display it in the three major anatomical planes, Sagittal, Axial and Coronal.  

On any of these 2D planar views, a rough needle placement could be chosen by a user 

through the clicking of the mouse.  This specified the starting and ending positions of 

the needle.  Fine adjustments could then follow by using the arrow keys of the 

keyboard.  When the user was satisfied with the needle placement, the user interface 

would export the spatial coordinates of the start and end points that defined the needle. 

The exported start and end points were then used to build a second CT dataset 

that comprised just the bone needle with the user selected placement.  This CT dataset 

would an identical resolution as the dataset that contained the images of the vertebral 

body to be simulated.  A Boolean subtraction was then carried out to model the bone 
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needle within the vertebral body (Figure 61).  A third CT dataset was then generated 

to provide images for a vertebral body with the bone needle.  This last was the actual 

CT dataset used for FV modeling and subsequent vertebroplasty simulation in this 

dissertation.  The above described process has to be repeated if a bi-pedicular 

approach is chosen to administer the PMMA cement. 

 

 

 

Figure 61  Creation of new CT dataset with selected needle placement. 

A Boolean subtraction operation was performed between the actual CT dataset of the vertebra 

belonging to the patient and an artificially created CT dataset of the bone needle.  Using custom 

software, the CT dataset of the bone needle could be created once the needle bore size, start and 

end point coordinates were known.  Resultant image slices would have the needle subtracted out.  

Needle position here does not represent an ideal position for percutaneous vertebroplasty. 
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Figure 62  Implementation of a fluid with operator-specific parameters in CFX 5.7.1 

Figure here is a panel for the implementation of surgeon-specific parameters for 

vertebroplasty simulation in CFX 5.7.1.  It can be seen that the pseudo-plastic and 

rheopectic viscosity-time behavior of PMMA cement is implemented here (equation 3, 

Chapter 2).  This is the complete behavior characterization as suggested by Krause et 

al., 1981.  Variables a, b, c and d can be altered as and when necessary.  As different 

PMMA bone cement types are characterized, these variables can then be easily altered.  

Needle type and injection speed is also implemented here. 

Direct Implementation into Simulation 

The type of PMMA cement used, injection speed and needle size employed 

during surgery also had to be modeled and these decisions were implemented directly 

into CFX 5.7.1.  The implementation was possible as CFX 5.7.1 allows user-specified 

equations to be factored into the simulation.  With this function, the mathematical 

model describing PMMA cement ! – t behavior can be implemented together with the 

needle size and injection speed (Figure 62).   

Overview of Developed Finite Element Meshing Process 

From sections 5.2 to 5.4, the algorithms for direct voxel conversion, 

smoothening of the surface hexahedral elements for better geometrical conformance 

and the grouping of elements based on threshold values, has been presented.  
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Factoring of clinical decisions into the FV mesh was also discussed.  However, this 

generates only the FV meshes.  For simulation to proceed, employment of both the 

predictive model for permeability from Chapter 3 and viscosity behavior model from 

Chapter 4 are required (Figure 63).  With these inputs, a patient-specific FV model is 

finally realized and intraosseous PMMA bone cement simulation can be performed.  

In addition, these models are also specific to the diagnostic radiologist.  In addition, 

these models could be used by the surgeon or radiologist to study and optimize 

surgical parameters prior to performing the actual procedure. 

 

Figure 63 Method of generating patient-specific finite volume (FV) mesh of the vertebral body 

from CT images for flow simulation. 

The flow diagram here illustrates the process to obtain FV model of the vertebra for PMMA bone 

cement flow simulation.  Input is based on patient CT datasets for patient-specificity.  Predictive 

model for permeability of cancellous bone and viscosity – time behavior are the other necessary 

inputs for intraosseous flow simulation. 
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5.2.3 Initial Test 

Introduction 

The derived algorithms, which were implemented into C language for 

automated FV meshing, were subjected to an initial test as a proof of concept.  A 

patient CT dataset of a single unfractured L3 vertebral body was obtained and used as 

an input where geometrical and bone porosity information was inferred from.  Input 

for clinical decisions, pertaining to vertebroplasty, were determined by a diagnostic 

radiologist (Prof. Wang Shih Chang, Department of Diagnostic Radiology, National 

University of Singapore).  To demonstrate versatiliy in the derived algorithms, uni- 

and bi-pedicular injections at varying angulations were simulated.  A total of 5 

different bone needle positions were attempted ().      

Intraosseous PMMA bone cement flow within the vertebral body was first 

simulated.  The PMMA bone cement was then assumed to have hardened upon which 

stress/strain analyses, based on spatial PMMA bone cement distribution from CFD, 

was demonstrated. 

Vertebral Body Geometry 

The volume of interest, the vertebral body, was extracted from the clinical CT 

dataset using segmentation.  Each voxel was then directly converted into a finite 

element hexahedral (or brick element) using the developed algorithm .  The elements 

were then grouped according to CT density value that was inherent to the voxel it was 

converted from (Figure 64).  To help conform to the boundaries of the vertebral body, 

edges of the hexahedral elements found at the domain boundaries were distorted. 
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Table 15 Needle placement positions used in the initial test. 

From the user interface (Figure 60), needle placements were selected and their coordinates exported for 

generation of a CT dataset that would reflect the needle position.  Uni- and Bi- pedicular approaches 

were both attempted.  Needle placements were arbitary and reflected both clinically favoured (Position 

B and C) and errorneous positions (Position A and D). 

Needle Position Description Axial Plane View Sagittal Plane View 

Position A: 

Needles parallel to Sagittal-midline 

  

Position B: 

Needles placed on either side of 

Sagittal-midline angulated towards 

central region 

  

Position C: 

Needle tip along Sagittal-midline, in 

anterior half of vertebral body, halfway 

up 

 

  

Position D: 

Needle tip is along AP-midline and in 

superior half of vertebral body 

  

Position E: 

Needle tip is on AP- and Sagittal- 

midline intersection and in superior 

half of vertebral body. 
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Figure 64  Groups of hexahedral elements automatically assigned during the finite 

element modeling process. 

To model the vertebra for flow simulation, all voxels of the CT dataset belonging to the 

vertebral body were converted into hexahedral elements.  Elements were grouped 

according to CT attenuation.  This facilitated the assignment of permeability values to the 

elements. 

Assigned Permeability Values of Vertebral Cancellous Bone 

For this initial test, permeability of vertebral cancellous bone was assigned to 

element groups, based on pooled results reported by previous investigations [Baroud 

et al., 2003; Naumen et al., 1999].  Results from these investigations, with a sample 

size of 26, were digitized and combined, yielding a k – HU relationship in the 

Superior – Inferior (SI) direction (Appendix E): 
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From these studies, it also has been found that k in the transverse directions, 

namely the Anterior – Posterior (AP) and Medial – Lateral (ML) directions, were 

lower.  Permeability in the transverse directions was lower by a factor of 2.05 times 

for cancellous bone from the human vertebral body [Naumen et al., 1999].   
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Assigned Rheological Model for PMMA Cement 

Rheological characteristics of PMMA bone cement were also based on 

rheological models reported by other investigators.  Baroud et al., 2004 formulated a 

viscosity – time behaviour model for 3 commercially available PMMA bone cement.  

The dervied relationship between viscosity (!), shear rate (() and time-lapse after 

mixing of PMMA (t) was as follows:   
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    Equation 9  

 

Variables a, b, c and d are viscosity material parameters and are cement 

dependent.  ts and (s are the characteristic time and shear rates at any particular 

moment.  Rheological material parameters determined by Baroud and Yahia [2004] 

for SimplexP
®
 PMMA bone cement were reported to be: a = 590, b = -1048.8, c = 0.1, 

d = -0.290, ts = 1.0min and (s = 1.0 s
-1

. 

Simulation of Intraosseous PMMA Bone Cement Flow Using CFX5.7.1 

A wall-type boundary condition was assigned to the exterior elements to 

represent cortical bone.  After which, an inlet boundary condition was assigned at the 

tip of the needle.  A 13-gauge bone needle and a PMMA cement flow rate of 0.14E-06 

m
3
/s, representative of actual vertebroplasty [Baroud et al., 2004] was chosen for this 

initial test.  An initial pressure of 3.5 kPa was assigned to all the FV models, this is to 

simulate the average intraosseous vertebral pressure experienced by actual vertebrae 

during vertebroplasty [Baroud et al., 2005; Tomita et al., 2004; Reidy et al, 2003] 

(Figure 65). 
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Figure 65 Conditions for simulated vertebroplasty injection using computational fluid 

dynamics (CFD). 

In addition to the automatic permeability (k) assignment to regions of the vertebral with 

similar Hounsfield units (HU), inlet and wall type boundary conditions were assigned to the 

needle tips and domain boundaries respectively.  The inlet speed is dependent on rate of 

PMMA bone cement injection.  Finally, an initial pressure was assigned to simulate the 

intraosseous pressure found within vertebral bodies.  With these boundary conditions 

assigned, CFD was then performed to simulate vertebroplasty injection. 

 

Exporting PMMA Distribution for Stress/Strain Analyses 

Another custom coded application was developed to export the resultant 

spatial distribution of PMMA bone cement and FV mesh, into a FE mesh suitable for 

stress/strain analyses in ABAQUS.  This was possible, as hexahedral finite elements 

are used in most computational software.  Each element was then assigned linear-

elastic orthotropic material property according to its corresponding Hounsfield value.  

Using a E - " relationship from Ulrich et al., 1999 and a and " - HU relationship from 

this dissertation, stiffness modulus in the SI direction was assigned: 

 

13.194016.0 != "
SI
E      Equation 10 
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In addition to shear modulus and poisson ratios, modulus in the AP and ML 

directions were assigned as ratios to ESI [Ulrich et al., 1999] (Table 16).  Damaged 

bone properties were reported to have modulus reduction of up to 85% [Keavney et 

al., 2001].  With this information, computational models for undamaged and fractured 

vertebrae together with damaged vertebrae with 5 different PMMA bone cement 

distributions and analyzed their stiffness (N/mm) were generated.  PMMA was given 

an isotropic linear-elastic modulus of 2500MPa and Poisson’s ratio of 0.3. The 

material properties assigned to bone for post-vertebroplasty stress/strain analysis were 

of the linear elastic type.  We assumed that post-vertebroplasty, although patient 

maybe mobile, the loading imposed onto their spinal column would be of 

physiological magnitudes and not sufficient to cause a fracture.  If strains within bone 

tissue exceeds physiological values, small deformation and linear elasticity 

assumptions no longer holds.  For forces in the physiological range, deformation in 

bone tissue is small ($ < 0.5%), implying that linear analyses in terms of geometry and 

properties are suitable [Langton and Njeh, 2004].   

The inferior portion of the vertebral body was given a fixed type boundary 

condition, whilst the superior portion was assigned a uniformly distributed downward 

force loading condition of 400N to simulate weight induced by the upper torso [White 

and Panjabi, 1990].  After simulation, reaction forces were summed along the superior 

portion for every 0.1mm downward displacement to obtain the force-displacement 

curve and the slope of the curve represents the stiffness. Resultant stiffness was 

normalized with that of an undamaged vertebra to aid comparison. 
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Table 16 Ratios used to obtain mechanical properties of bone for stress/strain 

analyses. 

Elastic (E) and Shear (G) modulus together with poisson ratios (") were required 

for assigning bone mechanical properties for post-vertebroplasty stress/strain 

analysis.  Equation 11, determines ESI, other mechanical properties were based on 

ratios obtained from Ulrich et al. [1999]. 
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NB: AP = Anterior – Posterior direction; ML = Medial – Lateral direction; G = 
Shear Modulus and $  = Poisson’s ratio. 

 
 
 
 

5.3 Results 

5.3.1 3D Spatial Distribution of PMMA Cement 

PMMA bone cement distributions were analyzed for volumes of 1.5 ml and 

5.0 ml.  The resultant spatial distribution were visualized using isosurface surfaces 

that were colored coded according to velocity, and any discontinuity in the surface 

represented a collision with the cortical wall (Table 17).  At 1.5 ml PMMA bone 

cement volume, except for Position B and C, all other needle positions had PMMA 

bone cement distribution that collided with the cortical wall.  Only the PMMA bone 

cement distribution of Position B did not collide with the cortical wall at 5.0 ml 

PMMA bone cement volume. 
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Table 17 Visualization of intraosseous PMMA distribution for 1.0ml and 5.0ml of PMMA 

cement injected. 

Position 
PMMA Distribution 

(1.0ml) 

PMMA Distribution 

(5.0ml) 
Legend 

A 

  

B 

  

C 

  

D 

  

E 
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5.3.2 Post-vertebroplasty Biomechanics 

Stiffness of the vertebra augmeted at positions A to E were obtained and 

compared against an undamaged vertebral body to obtain a stiffness ratio (Figure 66).  

In addition, a portion of the FE model was removed for post-vertebroplasty analyses 

of the stress distribution within the vertebral body (Table 18).  This is not possible in 

experimental biomechanics. 

 

Figure 66 Effects of needle position and polymethylmethacrylate bone cement 

volume on stiffness ratio.  

A comparison of stiffness ratios (resultant stiffness / stiffness of undamaged vertebra) 

due to simulated vertebroplasty.  Dotted line represents a value of 0.152, stiffness ratio 

of a severly fractured vertebra that had a 85% reduction of modulus as compared to an 

undamaged vertebra. 
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Table 18 Von Misese stress distributions due to physiological loading on augmented vertebral 

bodies with varying spatiatl distributions of PMMA bonec cement.  

Intraosseous von Mises stress distribution after the injection of 1.0ml and 5.0ml of PMMA for the 5 

different needle placements within a vertebral body.  Portions were sectioned off artificially to 

facilitate visualization of stress-strain analyses results.  Stress regions colored grey depicts stress 

values >15MPa. 

Position 
PMMA Distribution 

(1.0ml) 

PMMA Distribution 

(5.0ml) 

A 

  

B 

  

C 

  

D 

  

E 

  

Unaugmented 

Vertebra 
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5.4 Discussion 

This chapter demonstrates the attractiveness and potential of computational 

models.  We successfully performed ‘vertebroplasty’ on a single specimen with 

different PMMA bone cement volumes and varying needle positions.  It should be 

noted that if done experimentally, inherent variations in specimens have to be 

accounted for.  Like any other studies, there are caveats in this study.  Unlike micro – 

scaled models by Keller et al. [2005], the generated models assumed cancellous bone 

as continuum solids.  Micro–scaled models would have provided relatively more 

accurate results of PMMA bone cement distribution.  Unfortunately, the 

computational resource required was beyond what was available.  Keller et al. [2005], 

reduced the computational requirements by modeling only a thin mid-sagittal slice.  

This representative modeling may not be sufficient to visualize the entire PMMA 

spatial distribution after vertebroplasty. 

Using custom software, resultant CFD models with 1.5ml and 5.0ml of PMMA 

bone cement were converted into FE models for stress/strain analyses.  As a 

comparison, via manipulation of bone material properties, stress/strain analyses were 

performed on an undamaged and a severely fractured vertebra.  Resultant stiffness 

was normalized with that of an undamaged vertebra to aid comparison (Figure 66).   

For all stress/strain distributions, the larger PMMA bone cement volume 

resulted in an increase in stress within the vertebral body.  Stress distribution for uni-

pedicular Position C and bi-pedicular Position B were visually similar.  Incidentally, 

these were the results of correct needle placement within a vertebral body for uni- and 

bi-pedicular approach.  It can be seen that 5.0ml of PMMA bone cement injected at 

needle Positions C, D and E resulted in stress values greater than 15MPa.  This value 
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is the maximum compressive strength of cancellous bone taken from the human 

lumbar spine in the A-P and M-L directions [Keaveny and Hayes, 1993].  1.5ml of 

PMMA bone cement injected at needle Positions D and E also shows stresses greater 

than 15MPa.  Regions of high stresses were found adjacent to the superior and inferior 

endplate regions. 

When 1.5ml of PMMA was injected, the stiffness ratio between vertebrae 

augmented with needles placed at positions A, B and C showed no significant 

differences (0.171 vs. 0.169 vs. 186).  Needles placed at Position D and E also offered 

no significant differences in stiffness ratios (0.298 vs. 0.309).  When PMMA bone 

cement volume of 5.0ml was injected, the stiffness ratio for all needle placements 

increased by an average of 77.2%.  Only a slight difference was observed between the 

stiffness ratio of vertebra augmented with needles placed at Position A and B (0.21 vs. 

0.20).  A significant difference was observed for vertebrae augmented with PMMA 

distribution achieved by needles placed at Position C, D and E.  The stiffness ratio 

was 0.43, 0.59 and 0.66 for Positions C, D and E respectively.  These ratios are 

134.0%, 97.3% and 113.0% of the values obtained from a 1.5ml injection  volume of 

PMMA (Table 19). 

Augmenting a fractured vertebral body with PMMA increases its stiffness.  The 

simulation of a severely fractured vertebral body, where the bone modulus is reduced 

by a maximum of 85%, did not achieve an augmented stiffness value similar or above 

its undamaged value.  The results showed that vertebral stiffness increased with an 

increase in the volume of PMMA, regardless of needle placement. This was consistent 

with the findings of other investigators [Kayanja et al., 2006; Belkoff et al., 2001; 
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Belkoff et al., 1999].  As for PMMA distribution, if cement was located within the 

central region of the vertebral body, a uni-pedicular injection resulted in stiffness 

comparable to bi-pedicular injection. Tomeh et al. [1999] also reported that 

experimental uni-pedicular injection is as adequate as bi-pedicular injection.  The 

computational study performed by Liebschner et al. [2001] also concluded that uni- 

and bi-pedicular approaches are biomechanically equivalent.  A large increase of 

stiffness was observed when PMMA distribution is found in the cancellous bone 

regions adjacent to the superior or inferior endplates.  PMMA distribution 

administered using a uni-pedicular approach had this effect and the increase can be 2 

– 3 folds as compared to the stiffness obtained using a bi-pedicular approach injecting 

the same volume of PMMA.  Adjacent vertebral failure has been attributed to the 

‘stress-raiser’ effect caused by augmented vertebrae.  Therefore, from this preliminary 

study, we recommend that PMMA distribution should be within the central portion of 

the vertebral body. 

 

5.5 Limitations 

" Optimization of meshing 

Throughout each FV mesh automatically generated, the finite elements 

were similarly sized.  For optimization of computational meshes, typically 

elements larger in size were placed in regions where the results were not 

critical, effectively reducing the computational resources required.  The 

meshing technique employed in the algorithms does not allow for this 

optimization.  Therefore, the number of finite elements will be higher than 
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with meshes that have been optimized.  The mesh size is dependent on the 

number of voxels representing the volume of interest. 

 

" Idealised vertebroplasty procedure 

In all the CFD simulations, it ws assumed that the surgeon or 

radiologist would not adjust the needle position during injection of PMMA 

bone cement.  It was also assumed that the assigned volume of PMMA bone 

cement would be injected into the vertebral body at a constant speed.  During 

the actual procedure, needle position would be adjusted to ensure PMMA bone 

cement was deposited in the desired regions.  Also, the rate of injection was 

controlled based on the visual feed back from the fluoroscopic images.  Rate 

of injection was usually slowed whenever there was potential leakage of 

PMMA bone cement beyond the vertebral body.   

 

" Assumption of clear distinction between PMMA bone cement and cancellous 

bone 

 

When exporting CFD results for post-vertebroplasty FE analyses, PMMA 

bone cement was assumed to fill the entire finite element and therefore 

assigned the appropriate material properties.  In actual fact, the entire region is 

not just PMMA bone cement but a composite material of cement together with 

cancellous bone.  This inhomogenity was not taken into account.  This was 

because the porosity of osteoporotic cancellous bone is high (" > 0.90), and 

therefore it would be a fair assumption that it consists of just PMMA bone 

cement. 
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The modulus of composites, by law of fraction: 

PMMAbonecancellouscomposite EEE )()1( !! +"=  

Where,  E is the modulus of composite, cancellous bone or PMMA bone cement, and 

 "  is the porosity of cancellous bone 

 

 

    

" Multiple C language programs 

Each of the developed algorithms presented in this chapter is implemented 

using C language into an executable computer program.  It would have been 

more user friendly to convert these programs into object based C++ language 

and consolidated them under a single graphical user interface.  This is 

however, beyond the scope of this dissertation. 

 

5.6 Conclusion 

Simulation of intraosseous PMMA bone cement flow within a vertebral body 

was achieved.  The simulation takes into account the k – HU and ! – t mathematical 

models derived from Chapters 3 and 4 respectively.  The approach here gives a 

complete computational modeling platform that is robust for changes. 

It can be seen that with the approach taken here, there is improvement over 

vertebroplasty models described previously, where PMMA placements were generic 

and modeled as cylinders within the vertebral body.  With this model reflecting more 

realistic PMMA bone cement spatial distributions after injection, biomechanical 

investigations post-vertebroplasty will be enhanced. 

An objective of this dissertation was to implement automatic generation of 

computational mesh representing patient vertebral body for both intraosseous PMMA 
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bone cement flow simulation and post-vertebroplasty stress/strain analyses.  The C 

language codes found in Appendix J, based on the algorithms described in this 

chapter, fulfill this objective.  The minimum requirements to run these algorithms 

would be a Windows based computer with at least 1GB physical memory with the 

downloadable freeware Visualization Tool Kit (Kitware Inc., NY, USA) installed. 



 

175 

6 Case Study 

6.1 Introduction 

From Chapter 3, a linear mathematical model relating Hounsfield units, 

obtained from clinical CT images, to the permeability of cancellous bone was derived.  

Chapter 4, presented a modified power-law mathematical model, this time describing 

the viscosity – time behaviour of PMMA bone cement used in this chapter.  Finally, 

the previous chapter describes the algorithms employed to generate patient-specific 

FE models of the vertebral body from clinical CT images.  Chapter 5 also exhibits 

how performing intraosseous PMMA bone cement flow simulation requires results 

from chapter 3 ! 5.  Results from computer simulations only approximate that of 

real-life phenomenon.  In this chapter, the reliability of the meshing algorithms and 

derived mathematical models developed throughout this dissertation will be 

addressed. 

It was mentioned in Chapter 2, that current FE models employed for post-

vertebroplasty research had PMMA bone cement distributions that are not only 

generic and idealized, but also specimen-specific.  As well as the volume of PMMA 

bone cement injected, the resultant spatial distribution also affects post-vertebroplasty 

biomechanics.  The spatial distribution of PMMA bone cement was therefore used for 

a comparative study between results derived from CFD simulation and a controlled 

vertebroplasty experiment on a cadaveric specimen.   
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6.2 Materials and Methods 

6.2.1 Experimental Design for Model Evaluation 

For this experiment, a cadaveric lumbar section belonging to an 89 yr-old 

Chinese male, comprising the L1 to L5 vertebrae, was donated by the Department of 

Orthopaedic Surgery, National University of Singapore (Figure 67).  The specimen 

was subjected to clinical CT imaging and resultant clinical images were used to 

generate FV models of the vertebral bodies.  After which, vertebral bodies were 

subjected to controlled vertebroplasty and finally, post-vertebroplasty clinical CT 

imaging.   

Needle position, rate of injection and needle size as recorded during 

vertebroplasty were incorporated into the FV models.  CFD simulations were 

performed and the resultant spatial distribution or theoretical spatial distribution, 

3DDistFV, was obtained.  Because PMMA bone cement is radio-opaque, post-

vertebroplasty CT images revealed the actual spatial distribution, 3DDistExpt, of the 

PMMA bone cement injected.   
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Figure 67 Experiment designed to compare post-Vertebroplasty PMMA bone cement 

distribution. 

To determine the extent of approximation capable of the modeling algorithms and 

mathematical models derived throught this dissertation, a controlled vertebroplasty on 

cadaveric lumbar vertebrae was performed.  Controlledvertebroplasty is crucial, such that it 

can be mimicked in the computational simulation.  Post-vertebroplasty and post-simulation 

PMMA cement spatial distribution were used as a comparison. 

6.2.2 Specimen Fixation and CT Imaging 

The vertebral specimens that were donated for this experiment had minimal 

surrounding soft tissue intact.  Therefore, to provide stability during CT imaging and 

vertebroplasty experiment, the cadaver lumbar section was fixated into a polymer box 

using commercially available dental stone (Triptych Inc., USA).   

Volume of dental stone powder to water ratio was kept to a 1:1 ratio as 

suggested by the manufacturer.    This produced a viscous liquid that was poured into 

the polymer box.  After 30mins, the specimens were gently depressed, with spinous 

processes facing up, to create a negative imprint of the vertebral bodies.  Once 

sufficiently depressed, when the lumbar section was stable and did not move on its 
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own, more dental stone liquid was poured in.  The dental stone was then allowed to 

set, for approximately 4 hours, at ambient room temperature. 

CT Imaging, pre- and post-vertebroplasty, was performed on a Siemens 

Somatom Sensation 64 CT scanner with 64-slice per rotation acquisition capability, at 

the National University Hospital, Singapore.  X-ray voltage and current of 120 kVp 

and 240 mA were used respectively.  Imaging FOV of 140 mm, slice thickness of 0.6 

mm and a B30 pre-reconstruction correction algorithm were the other scanning 

parameters used.  The spine specimen was subjected to the CT imaging 3 times and 

images were averaged at each position to reduce inherent scanning noise.  The clinical 

CT image dataset of the specimen had a resultant in-plane resolution of 0.273 x 0.273 

mm. 

6.2.3 Vertebroplasty on Cadaveric Vertebrae 

Needle Position and Type 

Both uni- and bi-pedicular injections were performed, with varying penetration depth 

and angulation into the vertebral body.  These needle depths and angulations were 

chosen to vary the 3D spatial distribution of PMMA bone cement.  As vertebroplasty 

was being performed on all 5 lumbar vertebrae, fluoroscopic imaging was used to 

provide scaled 2D images in the lateral and coronal planes (Figure 68).  These images 

were used to facilitate needle positioning of the needle into the FV models (Table 19).  

13-Gauge (Ø1.7 mm bore diameter) Stryker bone needles (Stryker Orthopaedics, NJ, 

USA) were used to deliver the PMMA bone cement.   
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Figure 68 Radiographs of the cadaveric lumbar segment, in the lateral (left) and 

coronal (right) plane, with needle placed in their desired positions. 

In accordance to clinical practice, bone needles used for vertebroplasty were inserted into 

cadaveric vertebral bodies using fluoroscopy.  The images here, in the lateral and coronal 

planes, were taken with a scale prior to injection of PMMA bone cement.  Scale provides a 

measurement to where the needle tip lies within the vertebral body.  This facilitates 

incorporation of the bone needle position during FV modeling.  In the images, lumbar 1 and 

lumbar 4 corresponds to the topmost and bottommost vertebrae respectively. 

 

Table 19 Needle tip position for experimental vertebroplasty 

Each of the cadaveric vertebral body was subjected to vertebroplasty with varied bone needle tip 

placement. L1 and L2 vertebral bodies were administered PMMA bone cement using the uni-pedicular 

approach; L3 and L4 used the bi-pedicular approach.  Tip placements were suggested by an expert 

diagnostic radiologist. 

 

Specimen Uni- or Bi- pedicular Tip placement 

L1 Uni-pedicular Along sagittal midline towards anterior third of the vertebral 

body and halfway along the superior – inferior axis. 

L2 Uni-pedicular Intersection of sagittal and coronal midline and halfway 

along the superior – inferior axis. 

L3 Bi-pedicular Straight without angulation towards the midline and halfway 

along the superior – inferior axis. 

L4 Bi -pedicular Angulation towards the midline and halfway along the 

superior – inferior axis. 
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PMMA Bone Cement Volume and Injection Speed 

For consistency, a total of 2.0 ml of SimplexP
®
 PMMA bone cement was 

injected into all 4 vertebral bodies.  For bi-pedicular injection, this meant 1.0 ml of 

PMMA bone cement per pedicle.  After the PMMA bone cement was mixed, 

Vertebroplasty syringes of 1 ml volume each were loaded and the injection performed 

immediately afterwards.  Simultaneously, a laboratory stopwatch was employed to 

measure the time taken for the diagnostic radiologist to inject the PMMA bone cement 

out of each 1.0 ml vertebroplasty syringe.  The performing radiologist ensured that 

injection rate was as consistent as possible.  For 5 injections of a 1.0 ml vertebroplasty 

syringe, an average time of 4.4 sec (SD 1.5) was recorded.  This corresponds to an 

injection rate of 0.1 ml/sec. 

Problem Encountered during PMMA Bone Cement Injection 

With 2 bone needles in place within the L5 vertebra, SimplexP
®
 PMMA bone 

cement was mixed in accordance to the instruction provided by manufacturers at a 

ratio of 20 ml of liquid monomer to 40 g (0.5 ml/g) of PMMA powder.  After mixing 

for 2 mins in an inert bowl till a homogenous mixture was obtained, the syringes were 

loaded, attached to the bone needles and injection of the PMMA bone cement was 

attempted.  The diagnostic radiologist experienced a great amount of resistance to the 

injection, managing to only inject a total of 0.5 ml of PMMA bone cement before 

hardening prevented further injection.  Repeating the mixing with a new batch of 

PMMA bone cement and reducing mixing time to 1.5 mins, a total of 0.7 ml of 

PMMA bone cement could be injected.  It was also not possible to achieve a 
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consistent controlled injection rate at this level.  The cadaver L5 vertebra specimen 

was therefore discarded from this evaluation. 

A ratio of 20 ml of liquid monomer to 20 g of PMMA powder was used 

instead (1.0 ml/g).  With this ratio, the initial consistency of PMMA bone cement was 

less viscous, giving a longer working time. Injection of 2.0ml of PMMA bone cement 

was then possible and therefore this ratio was standardized for all the subsequent 

Vertebroplasties.  This renders the ! – t rheological model by Krause et al. [1982] not 

usable, as it was determined using a ratio of 0.5 ml/g. The ! – t rheological model of 

SimplexP
®
 bone cement at a ratio of 1.0 ml/g will therefore have to be determined 

prior to CFD simulation.  On average, the recorded time taken (0.7 min) to obtain a 

homogenous mixture after mixing the liquid monomer and PMMA powder was also 

reduced at the 1.0 ml/g ratio. 

6.2.4 Simulated Percutaneous Vertebroplasty on FV models of Vertebra 

Pre-vertebroplasty clinical CT image datasets were used as an input to 

generate FV models of all the four vertebral bodies using the methods described in 

Chapter 5.  Using the raw clinical CT image dataset, because of the high image 

resolution at 0.273 x 0.273 x 0.6 mm, the number of elements generated for each of 

the vertebrae (>200000) would require unreasonable computational resources.  Also, 

to ensure ease of mathematical convergence during FV simulations, an element should 

not have a height to width aspect ratio of more than 2:1.  Hence, the raw clinical CT 

image dataset was resampled to an isotropic resolution of 1.643 x 1.643 x 1.643 mm.  

Now, each generated FV mesh of the vertebral bodies had less than 12000 hexahedral 

elements.  Also, finite element height to width aspect ratio would be 1:1, assuming 
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that the particular element is not a surface element that would be subjected to 

distortion.  The FV models were generated from the resampled CT dataset. 

Vertebroplasty parameters such as bone needle position and injection rate, and the 

inclusion of k – HU and ! – t mathematical models were subsequently incorporated as 

assigned boundary and loading conditions for the simulation.  Therefore, the 

computational simulation for all four vertebral bodies not only mimicked the 

experimental vertebroplasty performed, but also had the geometry and permeability 

specific to each specimen. 

6.3 Results and Discussion 

6.3.1 PMMA Bone Cement Flow Visualization 

One of the advantages of using FV simulation for intraossoeous PMMA bone 

cement flow simulation is the ability to provide a visualization of the flow path prior 

to actual vertebroplasty.  Taking images from multiple time step, of 0.5 sec each, the 

visualization of intraosseous flow of PMMA bone cement can be realized (Table 20 

and Table 21).  PMMA bone cement distribution from simulation results was obtained 

by specifying an isosurface based on PMMA bone cement volume fraction.  This 

generates a smooth surface, encompassing finite elements above a selected iso-value, 

for visualization.  For visual comparison, the surface was created based on isovalue of 

0.1, meaning finite elements with resultant volume fraction of PMMA bone cement 

greater than or equal to 10% were included.  Such information could prove useful to 

determine, for a particular set of vertebroplasty parameters, if PMMA bone cement 

flow would approach regions that might facilitate extravasation.   
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Table 20  Time-lapse images of intraosseous 3D PMMA bone cement distribution for bi-

pedicular injection into the L1 and L2 vertebral bodies. 

Time (min) L1 L2 Legend 

1.0 

  

1.5 

  

2.0 

  

2.5 

  

3.0 

  

3.5 
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Table 21 Time-lapse images of intraosseous 3D bone PMMA cement distribution for 

bi-pedicular injection into the L3 and L4 vertebral bodies. 

Time (min) L3 L4 Legend 

1.0 

  

1.5 

  

2.0 

  

2.5 

 
 

3.0 

  

3.5 
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6.3.2 Comparison of Resultant PMMA Bone Cement Spatial Distribution 

Spatial Distribution from Clinical CT Dataset and FV Simulation Results 

The barium sulphate found in SimplexP
®
 PMMA bone cement that makes it 

radio-opaque under fluoroscopy, appeared to have the similar HU density to cortical 

bone in the post-vertebroplasty clinical CT dataset.  Having no intensity difference 

from the cortex, normal thresholding could not be used to differentiate the regions that 

represented PMMA bone cement distribution.  A 3D image processing and 

visualization application, VGStudio Max 1.2 (Volume Graphics GmbH, Heidelberg, 

Germany), was therefore employed for manual segmentation.  Each clinical CT image 

slice was studied and regions with obvious PMMA bone cement distributions, giving 

DistExpt for each vertebral body, were outlined manually (Figure 69).  From the FV 

simulation results, PMMA bone cement volume fraction information at every 

1.643mm interval was extracted as an image.  The stacking of these images for the 

entire vertebral body creates a colored image dataset with information of DistFV. 
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Figure 69 Segmented PMMA cement distribution from post-

vertebroplasty clinical CT dataset. 

Manual segmentation was required to segment the PMMA bone 

cement distribution, because of similarity in grayscale intensity of 

PMMA cement and cortical bone.  Sagittal (left) and coronal (right) 

views of the cement distribution for specimens L1 (top) ! L4 

(bottom) are shown here. 

 

Visual Comparison 

Using, VGStudio Max 1.2, the PMMA bone cement distribution from FE 

simulation, DistFV, was compared to post-vertebroplasty cement distribution, DistExpt.  

The software facilitates registration, or the fusion, of two image datasets based on 3 

user selected points.  For bi-pedicular injection, the points chosen for registration were 

the bone needle tip, the bone needle base at the pedicle, and another needle tip.  For 

uni-pedicular injection the points chosen for registration were the tip and base of the 

bone needle and the bottom most point on the anterior cortical wall of the vertebral 
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body.  These points were assumed to be unchanged, in the post-vertebroplasty clinical 

CT dataset as well as the FV model and hence could be used for this rigid point 

registration.  Sagittal and coronal plane view images were captured for this visual 

inspection.   

In terms of proximity within the vertebral body, visually, DistCFD filled the 

same regions as DistExpt for all the specimens except for L2 (Table 22).  As with all 

flow, fluid will tend towards a path that offers the least resistance.  Presence of a 

fracture line or plane may explain the phenomenon seen in DistExpt.  DistExpt for the L2 

vertebrae, despite being injected with a uni-pedicular technique, spread across the 

sagittal midline filling the entire anterior half of the vertebral body.  In addition, 

DistFV spreads along the superior-inferior axis more readily as compared to DistExpt.  

On closer observation, for all the specimens, it was observed that DistExpt cannot be 

completely predicted by DistFV.  Both the spatial distributions are fairly similar near 

the tip of the bone needle.  DistFV then expands in a controlled uniform fashion and at 

the same time elongates along the direction of injection.  On the contrary, DistExpt does 

not seem to follow any particular geometry, expanding outward with ‘finger-like’ 

shape.  This unique shape occurs as PMMA bone cement flows through the intricate 

microarchitecture of cancellous bone.  Microarchitectural details are simplified or 

completely lost in clinical CT datasets. Further more, to work within the 

computational resources available, the clinical CT datset used here was re-sampled to 

facilitate meshing and simulation.  Thus, losing even more cancellous bone 

microarchitectural information.  Smulation results would have reflected experimental 

results better had there not been computational constraints. 
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Table 22 Sagittal and coronal plane images of registered DistFV and DistExpt for visual 

comparison. 

Registration of DistFV and DistExpt was performed using VGstudio Max1.2, based on 3 user specified 

rigid points.    DistExpt, the PMMA bone cement distribution from experimental vertebroplasty, is 

color coded in red, yellow, blue and green for vertebra L1, L2, L3 and L4 respectively., PMMA 

bone cement dirtribution from CFD, DistFV,  are color-coded based on viscosity values.  Viscosity 

changes due to the change in shear rate across cancellous bone of varying permeability. 

Specimen Sagittal View Axial View Legend 

L1 

  

L2 

  

L3 

  

L4 
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Quantification of Difference between DistFV and DistExpt 

For each vertebral body, to quantify the difference between DistExpt and DistFV, 

slice by slice area analysis was performed.  Datasets, containing images with only the 

PMMA bone cement distributions, were exported after segmentation and registration 

using VGStudio Max 1.2.  Boolean AND operation (') between the datasets was 

subsequently performed using a custom program [Wang, 2005], resulting in a dataset 

which carries information on areas that have been overlapped by both DistExpt and 

DistFV.  Image – by – image area analysis, using CTAn, was used to compare the total 

overlapping area to the original area (Figure 70), giving a quantifiable predictability 

percentage, %predicted (Table 23).  This percentage is obtained by: 

 

%100
 

!
"

Expt

ExptFV

Dist

DistDist
   Equation 11 

Where, DistExpt is the ( PMMA area in post-vertebroplasty image 

dataset, and  

DistFV is the ( PMMA area in simulation results dataset. 

 

 

Figure 70  Schematic of comparative area analysis between corresponding 

images from experiments and simulation.  

To quantify the abililty of finite volume (FV) simulation results to approximate the 

bone cement spatial distribution, comparative area analysis was performed.  

Comparison was done for each post-vertebroplasty CT image against the 

corresponding image from the FV results.  Resultant image from a Boolean AND 

function identifies the overlap area, or area that can be predicted by FV simulation. 

 

DistExpt DistFV DistFV ' DistExpt 

" = 
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Table 23 Predicitability of experimental PMMA cement distribution using computational 

flow dynamics. 

Using an image-by-image comparison analysis, the overlapped area (area that can be 

predicted) was used to evaluate the percentage of the actual PMMA area predicted. 

Specimen 
No. of 

elements 

Simulation 

Time (sec) 

DistExpt 

(mm
2
) 

DistFV ( DistExpt 

(mm
2
) 

%predicted 

 (S.D.) 

L1 10599 9.379E+05 1052.67 702.731 62.1 (0.15) 

L2 12180 7.214E+05 920.068 625.373 58.0 (0.18) 

L3 13401 5.938E+05 806.896 639.347 74.0 (0.22) 

L4 13633 1.162E+05 805.201 633.503 76.3 (0.11) 

    Average 67.6 (0.34) 

 

6.3.3 Simulating Fractures in a Vertebral Body 

To simulate flow within a fractured vertebral body, a fracture plane was 

artificially created in the FV model.  This also demonstrated the versatility of the 

research presented in this dissertation.  Manually, an element thick axial plane, located 

in the anterior half of the vertebral body was assigned to be the fracture plane.  The 

surface elements of this plane had their exterior faces assigned as an outlet, with an 

atmospheric pressure boundary condition (Pa = 101325Pa).  This represented a 

peforated cortical bone.  Simulation showed that as injection of PMMA bone cement 

progressed, it flowed within the vertebral body, but preferentially into the fracture 

planes (Table 24).  This phenomenon was observed clinically [Gangli, 2007; Goh, 

2007; Wang, 2006]. 
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Table 24 Time lapse images of intraosseous 3D PMMA bone cement distribution for uni-

pedicular injection into a vertebral body without (left) and with (right) a fracture plane. 

Time Vertebra without fracture plane Vertebra with fracture plane 

1.0 

  

1.5 

  

2.0 

  

2.5 

  

3.0 
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6.3.4 Vacuum Clefts 

From radiographs, vacuum clefts are identified as gas-filled pockets inside the 

vertebral body.  The gas is classically regarded as being nitrogen, which is extracted 

from the bloodstream and remains persistently visible because of its low solubility in 

tissues (in contrast to oxygen and carbon dioxide, which are highly soluble). Vacuum 

clefts have been found to exist in VCFs and often these clefts shift due to different 

body positions, indicating instability within the fracture [Mirovsky et al., 2005].  The 

presence of this “vacuum phenomenon” indicates an ununited, non-healing subacute 

to chronic vertebral body fracture. This appearance is sometimes erroneously termed 

“vertebral osteonecrosis” in older clinical literature, as it was believed this was due to 

bone death causing the intravertebral defect. MRI and CT have clarified the nature 

and cause of this appearance and confirmed it occurs with fracture nonunion.  

As mentioned earlier, micro motions due to instability within VCFs have been 

theorized to cause the severe, persistent pain experienced by patients.  Vertebroplasty 

eliminates these micro motions through and therefore brings about pain relief.  In 

vertebroplasty of VCFs with vacuum clefts, the bone needle is placed such that bone 

cement is injected directly into the air space [Mirovsky et al., 2005; Peh et al., 2004] 

(Figure 71).  Theoretically, this should force bone cement along the cleft and help the 

previously ununited halves of the body to fuse into a single solid entity. Clinical 

studies suggest that patients with VCFs with a visible cleft experience greater pain 

relief as compared to patients who have VCFs without vacuum clefts [Peh et al., 

2004; Lane et al., 2002]. 

The simulation of PMMA bone cement flowing into fracture planes can be 

extended to simulate flow into vacuum clefts.  Supposedly, if the fracture plane was a 
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vacuum cleft instead, it would now not be assigned a bone permeability value, but 

instead be assigned as region with high permeability.  This is on assumption that in 

vivo the space inside the vacuum cleft offers minimal resistance to PMMA bone 

cement flow.  PMMA bone cement will then tend to fill the cleft space, as observed 

clinically [Peh et al., 2004].  

 

 

Figure 71 Pre- and Post-Vertebroplasty Radiographs of vacuum cleft. 

Vacuum clefts are air-filled pockets within fractured vertebrae and they exhibit 

dynamic mobility (arrowed).  Shifting position as the posture of the torso shifts.  

Vacuum clefts are identified by radiolucent lines, as it can be seen in the lateral 

radiograph on the left.  Diagnostic radiologist target these clefts as regions of 

desired augmentation with PMMA bone cement, lateral radiography on the right, 

as their stability will prevent micromotions that causes persistent pain to the 

patients.  Images reproduced from Mirovsky et al., 2005. 

 

6.3.5 Meshing Considerations for Fracture Planes and Vacuum Clefts 

For meshing of fracture planes and vacuum clefts from CT image datasets, 

high image resolution is desirable, as this will ensure the intricate detail of planes or 

clefts are not lost.  Unfortunately, high image resolution datasets require very large 

computational resources for running the simulations.  The high resolution images will 

also yield accurate outlining of the boundaries of the fracture plane or vacuum clefts.  

Currently, automatic permeability assignment is based only on intact cancellous bone.  



 

194 

Cancellous bone found at fracture planes would have been assumed to be in the 

plateau or densified compressed phase.  For this reason, the permeability of cancellous 

bone specimens was experimentally measured in Chapter 3 of this dissertation.  

Unfortunately, the porosity range of our cancellous bone specimens was not wide 

enough to yield k - " mathematical models with high correlation coefficients.  We 

would also expect intraosseous pressure to differ in vertebral bodies with fractures as 

compared to intact vertebral bodies.  Vacuum clefts would also produce different 

intraosseous pressures from intact vertebra.  There might also be varying pressure 

distributions within the same vertebral body.  Together with higher and larger 

computational resources, futher biomechanical measurements, on cancellous bone as 

well as intraosseous pressure within vertebral bodies with fracture planes and vacuum 

clefts should be determined.  Intraosseous PMMA bone cement flow simulation can 

then be peformed on such specimens. 

 

6.4 Limitations 

" Limitations in experimental vertebroplasty 

The availability of cadaver spine segments was scarce and only 5 

lumbar vertebral bodies were made available to us for our experimental 

vertebroplasty.  The vertebrae were left intact and uncompressed, as the k – 

HU mathematical model derived with good correlation coefficients were only 

of intact cancellous bone.  Vertebroplasty is performed on fractured vertebrae 

in clinical practice.  To simulate this, other parameters like plane of fracture, 

intraosseous pressure, and permeability of compressed cancellous bone have to 
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be modeled.  These would make good future work, and the robustness of the 

computational platform developed through this dissertation can account for 

these. 

 

" Measuring a consistent injection speed 

Speed of injection was measured based on the average time taken for 

the diagnostic radiologist to inject 1ml of PMMA bone cement during 

vertebroplasty.  This method is not very accurate.  An alternative would be to 

employ syringe pumps to administer the PMMA bone cement at a constant 

flow rate.  Syringe pumps are however bulky and heavy and therefore not able 

to connect directly to the bone needle that is already in place within the 

vertebra.  Tubing can be used to connect the syringe to the needle, allowing 

the syringe pumps to be placed on the floor.  However, the time taken to 

aspirate 1ml of PMMA bone cement from the syringes into the vertebrae 

would have been affected.  The entire tube can be filled with PMMA bone 

cement to cater for this but the dead space, rapid cement setting time, overall 

complexity and cost of the syringe pumps would make this impractical. 

 

" Identifying of PMMA bone cement distribution in post-vertebroplasty clinical 

CT dataset 

 

On the post-vertebroplasty clinical CT dataset, it was not easy to 

differentiate the interface between the cortical walls and PMMA bone cement.  

Manual segmentation had to be performed to identify the PMMA bone cement 

distribution, which might lead to inaccuracies in the actual spatial distribution.  
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The bulk of the PMMA bone cement distribution is within the cancellous bone 

region, which is easily differentiated through thresholding.  In addition, 

cortical wall for the vertebrae is thin, even more so in aged specimens.  

Therefore, although manual segmentation would lead to inaccuracies, it would 

not affect the final results drastically.  For future experimental vertebroplasty, 

it is suggested that additional radioopaque material, such as barium sulphate, 

be added to PMMA bone cement to facilitate the segmentation.  By doing this 

however, the ! – t rheological model derived in Chapter 4 would not be 

reliable and should be reevaluated.  

6.5 Conclusion 

In this chapter, the FV modeling framework developed in this dissertation, 

together with mathematical models, k – HU and ! – t, was evaluated.  Performing 

cadaveric specimens, evaluation was done by comparing PMMA spatial distribution 

from post-vertebroplasty clinical CT image dataset and FV simulation results.   The 

FE models generated through chapter 5 assumed cancellous bone as a continuum 

solid.  Unless the microarchitecture of cancellous bone can be modeled, DistFV would 

always be an approximation of DistExpt.  Despite theses limitations, employing the 

methodologies and mathematical models described throughout this dissertation, DistFV 

predicted an average of 67.6% of DistExpt. 
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7 Conclusion and Recommendations 

7.1 Conclusion 

Through this dissertation, a novel method of simulating intraosseous PMMA 

cement flow within a vertebral body has been formulated.  The simulation of patient and 

case specific intraosseous PMMA bone cement flow has never been reported before.  

From the results obtained throughout the course of this dissertation, we can draw the 

following conclusions: 

 

1. Porosity is not the only parameter that is able to predict permeability.  Through, 

direct perfusion testing, microCT imaging and data analyses, microarchitectural 

parameters, trabecular pattern factor, structure model index, bone surface density, 

and trabecular number have been identified to exhibit good linear relationship 

with permeability.  Multi variable linear regression analyses, using these 

parameters, did improve the predictability of permeability. 

2. Despite pooling results form other investigators, the predictive model for 

permeability using vertebral cancellous bone alone is still weak.  Hence, the 

preliminary mathematical model derived was manifested by pooling permeability 

and porosity results from all investigators studying cancellous bone bone 

permeability.  
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3. By altering the liquid monomer – PMMA powder ratio of SimplexP
®
 bone cement 

from 0.5ml/g to 1.0 ml/g, the injectibility and working time of PMMA bone 

cement was increased.  At this new ratio, consistency and flow index parameters, 

which govern the pseudoplastic behviour of PMMA bone cement were obtained 

through rheological testing.  Rheopectic behaviour of PMMA bone cement was 

modeled by making consistency and flow index a function of time. 

4. The rheological behavior of PMMA bone cement is different at ambient 

temperature and in room air as compared to being in an invivo environment at 

body temperature. 

5. Finite volume simulation of fluid flow, or Computaional fluid dynamics, in 

porous media can be used to simulated PMMA bone cement flow in porous 

cancellous bone.  The automatically generated models are patient-specific and 

simulation is surgery-specific.  There is potential to use such a platform as a pre-

surgery planning tool, however, immediate employment would be as a post- 

vertebroplasty stress/strain analysis tool. 

6. Evaluation of the computational modeling platform developed here, using 4 

cadaveric lumbar specimens, indicated that the simulation developed can predict 

up to 67.6% of the actual PMMA bone cement distribution.  With higher detailed 

meshes of the vertebral body and its cancellous bone microstructure, this 

percentage may improve, but would require much greater computational 

resources. 

7. From the vertebral cancellous bone specimens extracted for this dissertation, the 

inherent range of bone porosity is narrow, this contributes to the inability of 
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deriving a permeability – HU model with accuracy.  The low sample size of 

PMMA bone cement also contributed to viscosity – time models that are not 

100% accurate. Fortunately, the robustness of the computational modeling 

platform allows new permeability – porosity and viscosity – time models to be 

incorporated as and when new and improved models are available. 

7.2 Future Work 

To improve the computational FE modeling process here, the following are 

suggested: 

 

1. Direct perfusion test, and microCT imaging and analyses, on vertebral cancellous 

bone of a wide range of porosity should be performed.  This will increase the 

confidence of the mathematical models derived in Chapter 3. 

2. Rheological testing with a larger sample size to obtain more shear rates is 

recommended.  More samples should also be used to test the effects of 

environmental conditioning to PMMA cement.  Testing should be done at several 

different temperatures.  It would also be of great interest to more closely simulate 

the in vivo environmental conditions and their effect on PMMA viscosity and 

hardening.  PBS was employed here, but bone marrow and blood at body 

temperature would be ideal for future research. 

3. C programs coded to automate the algorithms were not optimized for memory 

allocation.  Also, all programs should be combined under a single user-friendly 

interface. 
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4. After mathematical models have been improved, further evaluation should be 

performed.  Better methods of evaluating the difference between DistExpt and 

DistFE, should be developed.  A suggestion would be to compare 3D cloud points 

representing the spatial distribution. 
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Appendix A. New York Times Article on Vertebroplasty 
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Appendix B. Principles of CT Imaging 

It is briefly described here how a single CT image is reconstructed, or calculated, based 

on detected X-ray data obtained at multiple angles.  As X-rays are passed through an 

object they are attenuated (or weakened) and the degree of attenuation is highly 

dependent on the relative density of the object.  To give an example of the calculations 

involved to obtain a single CT image, we assume that our CT scanner has low resolution 

and the cross section can only be divided into a 3X3 matrix [Guy and Ffytche, 1976].  

The resultant 2D CT images are basically the same 3X3 matrix with 9 attenuation values 

obtained using back projection.  Suppose RX is the summation of attenuation values along 

the rows, columns and principal diagonals of our 3X3 matrix  

 

Attenuation values contributing 

to resultant value 

Resultant detected by X-ray 

detector 

R1 = X4 + X8 R1 = 12 

R2 = X1 + X5 + X9 R2 = 12 

R3 = X2 + X6 R3 = 5 

R4 = X1 + X4 + X7 R4 = 12 

R5 = X2 + X5 + X8 R5 = 3 

R6 = X3 + X6 + X9 R6 = 16 

R7 = X2 + X4 R7 = 8 

R8 = X3 + X5 + X7 R8 = 7 

R9 = X6 + X8 R9 = 4 

R10 = X3 + X2 + X1 R10 = 11 

R11 = X6 + X5 + X4 R11 = 9 

R12 = X9 + X8 + X7 R12 = 11 

 

As it can be seen, having 9 unknowns in the 3X3 matrix [X1, … X9], any 9 equations 

presented here can be used to solve for the attenuation values, when summation of 

attenuation [R1, …R12] is given by the CT scanner.  This process is called back projection 

or tomographic reconstruction.  Because computers are often used for this reconstruction, 

the term computed tomography (CT) is then used. 
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Figure B-1.  (a) An object of interest with a square cross-sectional area, with a single CT slice shown as an 

example.  The numbers represent resultant CT attenuation. However in actual circumstance, only the 

summation of attenuation along X-ray beams is detected.  (b) Back projection or tomography calculates 

individual attentuation values to be assigned to the 2D image. 
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Appendix C. Extraction of cancellous bone specimens  

1. Rid the vertebral body specimen of soft tissue if necessary. 

2. Separate the vertebral body and vertebral arch by cutting through the pedicles 

with a hacksaw. 

 

 
 

3. Record vertebral level and note the orientation. 

4. Slice off the cortical side of the vertebral body to reveal the cancellous portion 

using a microtome diamond saw (Buehler Isomet 1000 Precision Diamond Saw) 

at 200 rpm. 

5. Extract slabs of 6mm thickness of cancellous bone with parallel ends using the 

microtome diamond cutter. The slabs were cut along the longitudinal and 

transverse direction. 

6.  

 
5a. For longitudinal cancellous bone specimens, cut slabs of desired specimen 

height by cutting along the axial plane. 
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5b. For transverse cancellous bone specimen, cut slabs of desired specimen height 

by cutting along the sagittal or frontal plane. 

 

 

 
 

      6.  Record location of slab with respect to a vertebral body. 

 7.  Use a bone biopsy punch to extract the individual cancellous bone specimen of  

           6mm diameter. 

 
      8.  Record location of cancellous bone specimen with respect to the slab. 
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Appendix D. Assembly of Permeameter 

Materials:  

- 1 syringe of any size for the purpose of injecting water into the setup. 

- 2 25ml syringes 

- 2 retort stands 

- A pipette tube with a 6mm inner diameter 

- Flexible rubber tubes of different sizes 

- Teflon tape 

- Bubble ruler 

 

Permeameter Assembly 

 

1. The 2 syringes, held vertical by retort stands, are connected to the pipette tube 

with flexible rubber hoses. 

 

2. Teflon tape is used to connect the tip of the syringe and the rubber hose as well as 

to prevent water leakage at this area. 

 

 

Syringes 

Bone specimen 

Teflon 

tape 

Teflon tape 

Retort stands 

Rubber tube 
Rubber tube 

1 
2 
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3. The flexible rubber tubes and the pipette tube are connected with a series of small 

segments of rubber tubes of different sizes that are able to fit tightly onto one 

another. This also allows the pipette tube to be dismantled from the setup with 

ease when the permeability test is conducted. 

 

 

4. Total length of the rubber tubes together with the pipette tube (from point 1 to 

point 2, refer to Figure 1) is 38.3cm. The length from point 1 to the position 

where the bone sample is placed is 21.95cm which is larger than the calculated 

entrance length of 6.4cm (refer to below for the explanation and determination of 

entrance length).  

 

Precaution 

1. The 2 syringes have to be kept vertical while the pipette tube has to be kept 

horizontal. This can be done by using a bubble ruler. 
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Permeability Test 

 

 

Figure 2: Schematic Diagram of the setup 

Notations: 

t0 = initial time at the start of the experiment. 

t = final time at the end of the experiment. 

ha = original height of the water level in the falling head tube measured from the center of the 

permeameter tube at time t0. 

ha' = final height of the water level in the falling head tube measured from the center of the 

permeameter tube at time t. 

hb = original height of the water level in the water reservoir measured from the center of the 

permeameter tube at time t0. 

hb' = final height of the water level in the water reservoir measured from the center of the 

permeameter tube at time t. 

Darcy’s Law:   

! 

Q = KA
dh

dl

" 

# 
$ 

% 

& 
'  

To calculate hydraulic conductivity, K, in a falling-head permeameter, a mass balance approach has to be 

taken. Rate of water flowing into the permeameter from the falling head tube is equal to the product of the 

area of the tube and rate of fluid movement: 

! 

QFallingHeadTube = "AFallingHeadTube

dh

dt

# 

$ 
% 

& 

' 
(  

Where dh/dt is the rate of fluid movement through the falling head tube, and ultimately affects the rate of 

change in hydraulic head that drives the fluid flow into the permeameter. 

 
Considering the rate at which water discharges from the permeameter: 

 

! 

QPermeameter = KAPermeameter

h

L

" 

# 
$ 
% 

& 
'  

Where h refers to the difference in hydraulic head at the inlet and outlet, and L is the length of the 

specimen; h at outlet =0 if we take the outlet as the datumn.  Notice that h decreases with time, hence flow 

ha 

hb
, 

t0 

t 

ha’ 

hb 

t0 

t 

Permeameter Tube 

Falling Head Tube 

( 

Water Reservoir 

Cancellous Bone 

Specimen 
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rate also decreases with time.  By continuity law, at any point in time, the flow entering the permeameter 

must equal the flow leaving the permeameter, therefore: 

 

! 

"AFallingHeadtube

dh

dt

# 

$ 
% 

& 

' 
( = KAPermeameter

h

L

# 

$ 
% 
& 

' 
( 

rearranging :

Kdt = "
AFallingHeadTube

APermeameter

L
dh

h

 

 

Integrating from t0 ! t, during which head decreases from h0 ! h 

h0 = ha – hb ; h = ha’ – hb’  
 

! 

Kdt
t0

t

" = #
AFallingHeadTube

APermeameter

L
dh

h
h0

h

"

this yields :

Kt = #
AFallingHeadTube

APermeameter

L ln
h

h0

K =
AFallingHeadTube

APermeameter

L

t
ln
h0

h

 

 

Cross-sectional areas of the falling head tube and permeameter are proportional to the square of the 

respective diameters, now: 

 

! 

K =
dFallingHeadTube
2

dPermeameter
2

L

t
ln
h
0

h
 

 

Where, h0 = ha - hb and h = ha’ - hb’ 

 

1. Each 6mm diameter bone specimen is inserted until mid-way down the length of the 

pipette tube. The secure fit is to ensure that the specimen does not move when the 

permeability test is conducted. 

 

 

2. Water is injected into the setup using a syringe. Care should be taken to ensure that 

air bubble does not form in the experimental setup. 
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3. Water is filled to a height of 6.3cm in the water reservoir measured from the center 

of the permeameter tube (hb = 6.3cm) and the falling head tube contains water to a 

height of 11.6cm (ha = 11.6cm) measured from the center of the permeameter 

tube. 

 

4. Stopper the syringes to keep the water level at their original height at time = t0. 

 

5. Remove the stopper and start the stopwatch simultaneously. 

 

6. Stop the stopwatch once water from the falling head tube has passed through the 

setup into the reservoir (time = t). 

 

7. Repeat steps 1 to 6 for the rest of the bone samples. 

 

8. By using Darcy’s law, hydraulic conductivity can be found: 

 

! 

K =
dFallingHeadTube
2

dPermeameter
2

L

t
ln
h
0

h
                                               

9. Permeability can be found by employing the formula that relates permeability to 

hydraulic conductivity: 

! 

K = k
"g

µ

# 

$ 
% 

& 

' 
(     

 Where  k is the intrinsic permeability (m
2
), 

             ) is the density of the fluid (kg m
-3

), 

             g is the acceleration due to gravity (m s
-2

), and 

             µ is the dynamic viscosity of the fluid (Pa s). 

 

Precaution 

1. Make sure that no air bubbles are present throughout the experimental setup. 

2. Distilled water is used. 

3. The permeameter tube and the cancellous bone specimens have a secure fit so that 

the specimen will not move during the permeability test which will otherwise 

affect the results. 
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Explanation and determination of entrance length 

As fluid enters and moves through the pipe, viscous effects cause it to stick to the pipe wall (the 

no-slip boundary condition). Hence, a boundary layer in which viscous effects are 

important is produced along the pipe wall such that the initial velocity profile changes 

with distance along the pipe until the fluid reaches the end of the entrance length, beyond 

which the velocity does not vary with distance along the pipe. 

 

Therefore, it is crucial for the length, from the point where the fluid initially enters the rubber 

tube to the point where the specimen is placed in the setup, to be greater than the entrance 

length so that a fully developed flow is achieved by the time the fluid reaches the 

specimens in the permeameter tube. This is important as the flow in the entrance region 

of a pipe is quite complex and the flow becomes simpler to describe beyond the entrance 

length as the velocity is a function of only the distance from the pipe centerline and 

independent of distance along the pipe[1]. 

 

Entrance length for laminar flow (Re < 2300) is given by: 

( )Re06.0=
D

l
e                   

where Re is the Reynolds number, 

           le is the entrance length (m), and  

           D is the diameter of the permeameter tube (m). 

 

Reynolds number is defined as: 

µ

!UD
=Re            (5) 

where   ) is the density of the fluid (kg m
-3

), 

           U is the velocity of the fluid (m s
-1

), 

           D is the diameter of the permeameter tube (m), and  

           ! is the dynamic viscosity (kg m
-1 

s
-1

). 

 

Velocity of the fluid flow along the permeameter tube is given by: 

( )At
V

U =              

where V is the volume of fluid that passed through the setup (m
3
), 

           t is the time taken for a specific amount of fluid to pass through the setup (s), and 

           A is the cross sectional area of the permeameter tube (m
2
). 
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From equation (6), 

( )
smU /0297.0

003.015.7

106

2

6

=
!

=
"

#
 

From equation (5), 

178
001.0

006.00297.01000
Re =

!!
=  

From equation (4), 

( )( ) cml
e

4.6006.017806.0 ==  

 

Hence, the entrance length for this experimental setup is 6.4cm. 

1. Munson, B.R., Young, D.F., Okiishi, T.H. (2002). Fundamentals of fluid mechanics. 

USA: John Wiley & Sons, Inc. 

 

 

 

 



 

231 

Appendix E. Permeability Values from other investigators 

k  values digitized from published results intact for cancellous bone specimens aligned in the longitudinal (SI) direction 
! k  ! k  ! k  ! k  ! k  ! k  ! k  

0.941 2.083E-07 HV 0.780 5.234E-08 HF 0.421 3.484E-11 PF 0.503 4.404E-11 PF 0.441 1.992E-11 PF 0.864 2.347E-08 HV 0.813 6.257E-09 HV 

0.944 1.327E-07 HV 0.743 1.586E-08 HF 0.413 3.859E-11 PF 0.505 4.348E-11 PF 0.435 2.031E-11 PF 0.850 1.043E-08 HV 0.847 9.062E-09 HV 

0.937 9.966E-08 HV 0.750 1.381E-08 HF 0.423 4.584E-11 PF 0.517 3.763E-11 PF 0.427 1.839E-11 PF 0.849 1.335E-08 HV 0.858 8.470E-09 HV 

0.936 7.095E-08 HV 0.729 6.767E-08 HF 0.429 4.313E-11 PF 0.510 3.338E-11 PF 0.427 2.148E-11 PF 0.872 5.267E-08 HV 0.910 3.150E-08 HV 

0.942 4.982E-08 HV 0.704 7.837E-09 HF 0.430 4.622E-11 PF 0.509 3.424E-11 PF 0.610 9.398E-11 PF 0.865 2.406E-08 HV 0.910 3.400E-08 HV 

0.921 7.542E-08 HV 0.658 2.877E-09 HF 0.443 4.582E-11 PF 0.500 3.610E-11 PF 0.595 9.013E-11 PF 0.864 2.244E-08 HV    

0.920 6.238E-08 HV 0.495 1.603E-11 BF 0.446 5.432E-11 PF 0.541 2.038E-11 PF 0.596 8.704E-11 PF 0.823 9.714E-09 HV Ave 1.639E-08 m2 

0.920 6.238E-08 HV 0.495 1.603E-11 BF 0.446 5.432E-11 PF 0.541 2.038E-11 PF 0.596 8.704E-11 PF 0.823 9.714E-09 HV S.D. 3.117E-08  

0.919 7.169E-08 HV 0.524 6.943E-11 BF 0.457 5.616E-11 PF 0.560 2.290E-11 PF 0.597 8.201E-11 PF 0.871 1.124E-08 HV    

0.919 4.520E-08 HV 0.530 6.455E-11 BF 0.474 5.971E-11 PF 0.516 2.732E-11 PF 0.611 8.354E-11 PF 0.853 1.398E-08 HV    

0.922 3.922E-08 HV 0.577 3.789E-11 BF 0.477 6.022E-11 PF 0.517 2.225E-11 PF 0.594 7.273E-11 PF 0.846 1.262E-08 HV    

0.850 2.240E-08 HV 0.574 2.276E-10 BF 0.487 6.210E-11 PF 0.515 2.126E-11 PF 0.579 5.960E-11 PF 0.842 9.783E-09 HV    

0.850 2.220E-08 HV 0.585 4.273E-10 BF 0.479 4.565E-11 PF 0.504 2.634E-11 PF 0.565 5.923E-11 PF 0.865 1.386E-08 HV    

0.860 2.320E-08 HV 0.586 3.238E-10 BF 0.499 7.244E-11 PF 0.485 2.499E-11 PF 0.534 5.771E-11 PF 0.837 7.555E-09 HV    

0.860 2.350E-08 HV 0.613 1.245E-10 BF 0.504 5.311E-11 PF 0.441 3.083E-11 PF 0.534 5.587E-11 PF 0.855 1.220E-08 HV    

0.840 2.150E-08 HV 0.628 5.069E-11 BF 0.506 5.173E-11 PF 0.443 2.868E-11 PF 0.527 5.218E-11 PF 0.860 1.056E-08 HV    

0.920 7.430E-08 HV 0.634 1.469E-10 BF 0.515 5.348E-11 PF 0.437 2.688E-11 PF 0.597 4.777E-11 PF 0.851 1.063E-08 HV    

0.860 3.260E-08 HV 0.653 3.590E-10 BF 0.511 5.928E-11 PF 0.441 2.499E-11 PF 0.595 4.954E-11 PF 0.865 1.030E-08 HV    

0.920 5.700E-08 HV 0.696 2.805E-10 BF 0.511 6.508E-11 PF 0.427 2.689E-11 PF 0.556 4.919E-11 PF 0.823 8.431E-09 HV    

0.900 5.040E-08 HV 0.699 3.471E-10 BF 0.539 7.704E-11 PF 0.383 1.727E-11 PF 0.555 3.463E-11 PF 0.858 9.825E-09 HV    

0.920 4.830E-08 HV 0.746 2.687E-10 BF 0.539 8.555E-11 PF 0.367 8.392E-12 PF 0.539 3.301E-11 PF 0.833 8.568E-09 HV    

0.940 6.580E-08 HV 0.749 4.486E-10 BF 0.551 7.896E-11 PF 0.382 4.898E-12 PF 0.546 3.940E-11 PF 0.871 1.152E-08 HV    

0.930 6.790E-08 HV 0.747 5.200E-10 BF 0.559 7.315E-11 PF 0.419 8.041E-12 PF 0.542 3.885E-11 PF 0.838 1.077E-08 HV    

0.930 6.670E-08 HV 0.757 5.596E-10 BF 0.567 8.165E-11 PF 0.420 9.328E-12 PF 0.510 4.575E-11 PF 0.881 1.000E-08 HV    

0.930 5.690E-08 HV 0.742 6.802E-10 BF 0.553 9.017E-11 PF 0.372 1.303E-11 PF 0.508 4.696E-11 PF 0.862 1.047E-08 HV    

0.920 4.610E-08 HV 0.756 7.025E-10 BF 0.566 9.480E-11 PF 0.382 1.418E-11 PF 0.427 2.380E-11 PF 0.835 9.934E-09 HV    

0.960 6.570E-08 HV 0.761 9.169E-10 BF 0.582 1.222E-10 PF 0.389 1.185E-11 PF 0.583 1.072E-10 PF 0.828 6.575E-09 HV    

0.940 5.750E-08 HV 0.366 1.960E-11 PF 0.599 1.276E-10 PF 0.392 1.030E-11 PF 0.834 2.397E-09 HV 0.839 1.061E-08 HV    

0.930 4.990E-08 HV 0.382 2.264E-11 PF 0.646 1.361E-10 PF 0.409 1.454E-11 PF 0.834 2.918E-08 HV 0.851 1.029E-08 HV    
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k values digitized from published results intact for cancellous bone specimens aligned in the transverse (AP or ML) direction. 

 

 

! k  ! k  ! k  ! k  ! k  ! k  

0.942 7.387E-08 HV

B 
0.495 8.394E-11 BF 0.69

9 
1.121E-10 BF 0.42

9 
2.534E-11 PF 0.480 2.791E-11 PF 0.82

0 
3.983E-09 HC 

0.939 5.044E-08 HV

B 
0.524 1.064E-10 BF 0.69

6 
2.583E-10 BF 0.43

3 
2.379E-11 PF 0.495 2.567E-11 PF 0.83

4 
3.325E-09 HC 

0.930 5.081E-08 HV

B 
0.530 5.716E-11 BF 0.74

6 
9.615E-11 BF 0.44

4 
1.605E-11 PF 0.506 1.526E-11 PF 0.83

5 
4.234E-09 HC 

0.917 3.867E-08 HV

B 
0.577 9.950E-11 BF 0.74

2 
2.223E-10 BF 0.45

1 
1.450E-11 PF 0.506 1.736E-11 PF 0.84

9 
3.402E-09 HC 

0.894 1.684E-08 HV

B 
0.574 4.075E-10 BF 0.75

7 
1.894E-10 BF 0.45

5 
1.449E-11 PF 0.510 1.878E-11 PF 0.84

8 
4.572E-09 HC 

0.883 1.581E-08 HV

B 
0.586 3.657E-10 BF 0.74

9 
2.421E-10 BF 0.46

0 
1.256E-11 PF 0.508 2.333E-11 PF 0.84

1 
5.053E-09 HC 

0.887 2.126E-08 HV

B 
0.585 3.140E-10 BF 0.76

1 
5.232E-10 BF 0.47

3 
1.061E-11 PF 0.503 2.854E-11 PF 0.86

1 
4.477E-09 HC 

0.925 3.283E-08 HV

B 
0.613 2.502E-10 BF 0.74

7 
2.262E-10 BF 0.47

6 
7.127E-12 PF 0.509 2.870E-11 PF 0.86

3 
5.471E-09 HC 

0.930 2.620E-08 HV

B 
0.628 1.320E-10 BF 0.27

5 
1.157E-11 PF 0.48

3 
5.960E-12 PF 0.503 3.283E-11 PF 0.86

4 
5.991E-09 HC 

0.840 1.590E-08 HV

B 
0.634 1.740E-10 BF 0.31

3 
9.991E-12 PF 0.46

7 
1.800E-11 PF 0.513 4.120E-11 PF 0.90

1 
8.696E-09 HC 

0.830 1.830E-08 HV

B 
0.653 7.385E-10 BF 0.32

3 
4.182E-12 PF 0.44

1 
3.646E-11 PF 0.522 3.638E-11 PF 0.91

8 
1.102E-08 HC 

0.720 1.390E-08 HV

B 
0.699 5.639E-10 BF 0.29

8 
1.812E-11 PF 0.45

2 
3.022E-11 PF 0.524 3.736E-11 PF 0.79

8 
1.789E-09 HC 

0.920 4.350E-08 HV

B 
0.696 3.594E-10 BF 0.32

2 
1.307E-11 PF 0.59

2 
1.977E-11 PF 0.542 2.571E-11 PF 0.79

9 
1.701E-09 HC 

0.910 3.970E-08 HV

B 
0.746 1.997E-10 BF 0.33

1 
1.152E-11 PF 0.52

1 
1.288E-11 PF 0.544 2.755E-11 PF    

0.910 4.090E-08 HV

B 
0.747 2.810E-10 BF 0.32

6 
1.616E-11 PF 0.52

9 
1.519E-11 PF 0.543 3.408E-11 PF Ave 8.830E-09 m2 

0.910 3.630E-08 HV

B 
0.757 3.033E-10 BF 0.32

0 
2.081E-11 PF 0.56

2 
2.328E-11 PF 0.538 3.469E-11 PF S.D. 1.667E-08  

0.920 3.750E-08 HV

B 
0.757 3.994E-10 BF 0.34

0 
2.195E-11 PF 0.56

0 
2.500E-11 PF 0.548 3.695E-11 PF    

0.930 4.140E-08 HV

B 
0.750 4.092E-10 BF 0.35

4 
2.194E-11 PF 0.46

9 
2.457E-11 PF 0.539 3.821E-11 PF    

0.930 5.390E-08 HV

B 
0.742 5.767E-10 BF 0.38

7 
8.803E-12 PF 0.48

4 
1.910E-11 PF 0.547 4.585E-11 PF Abb

rev. 
Description 

0.930 4.950E-08 HV

B 
0.761 6.779E-10 BF 0.39

8 
4.066E-12 PF 0.49

0 
1.910E-11 PF 0.554 4.644E-11 PF HV Human Vertebral Body 

0.900 3.210E-08 HV

B 
0.495 1.702E-10 BF 0.38

1 
1.302E-11 PF 0.49

0 
1.682E-11 PF 0.788 4.083E-10 HC HF Human Femur 

0.930 3.690E-08 HV

B 
0.524 4.232E-11 BF 0.40

9 
1.071E-11 PF 0.48

8 
2.043E-11 PF 0.809 7.850E-10 HC PF Proximal Femur 

0.910 2.320E-08 HV

B 
0.531 3.991E-11 BF 0.41

1 
5.085E-12 PF 0.46

8 
4.163E-11 PF 0.788 1.361E-09 HC BF Bovine Femur 

0.739 2.778E-09 HF 0.574 1.071E-10 BF 0.40

7 
8.955E-12 PF 0.46

4 
3.454E-11 PF 0.797 1.572E-09 HC HC Human Calcaneous 

0.747 1.856E-09 HF 0.586 8.699E-11 BF 0.41

2 
2.312E-11 PF 0.46

7 
3.540E-11 PF 0.813 1.605E-09 HC    

0.735 9.249E-10 HF 0.585 2.069E-10 BF 0.42

1 
1.105E-11 PF 0.47

3 
3.346E-11 PF 0.820 2.077E-09 HC    

0.729 3.718E-10 HF 0.613 1.888E-10 BF 0.42

8 
6.400E-12 PF 0.47

9 
3.736E-11 PF 0.815 2.124E-09 HC    

0.699 2.545E-10 HF 0.634 8.743E-11 BF 0.43

7 
9.871E-12 PF 0.48

5 
3.384E-11 PF 0.810 2.300E-09 HC    

0.726 2.522E-10 HF 0.653 2.215E-10 BF 0.42

9 
1.452E-11 PF 0.48

6 
3.117E-11 PF 0.827 2.939E-09 HC    
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Graph of Permeability vs. Porosity - Literature Values 

for Vertebral Cancellous Bone
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Graph of Permeability vs. Porosity – Literature Values from Baroud et al. (2003) and Naumen et al. (1999) 
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Relationship between permeability and porosity based on experimental results 

obtained from human calcaneous cancellous bone and using linseed oil as an 

infiltrating fluid. 

 
Relationship between permeability and volume fraction based on experimental 

results obtained from human verterbra, human femur and bovine tibial 

cancellous bone and using water as an infiltrating fluid. 

Grimm et al. 1997 Naumen et al., 1999 

 
Relationship between permeability and porosity based on experimental results 

obtained from bovine femur cancellous bone and using water as an infiltrating 

fluid. 

 
Relationship between permeability and porosity based on experimental results 

obtained from porcine femur cancellous bone and using saline as an infiltrating 

fluid. 
Kohles et al, 2001 Hui et al., 1996 
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Appendix F. Hounsfield Unit and Porosity of Porcine Cancellous Bone 

 
32 porcine cancellous bone specimens were excised 

longitudinally and transversely and aligned accordingly 

onto the CT scanner bed.  The alignment was such that it 

coincides with the alignment, similar to that a normal 

patient.  The Siemens Somatom Sensation 64 CT scanner 

at the National University Hospital, Singapore was used 

for this imaging.  X-ray voltage and ampere of 120kVp 

and 240mA were used respectively.  
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Now, Hounsfield Units (HU) values from CT images can 

be converted to bone porosity (!) using the above 

equation. 

 

 

 

 

 

Specimen Hounsfield Unit Porosity 

1 560 0.70 

2 416 0.86 

3 738 0.72 

4 681 0.73 

5 612 0.67 

6 645 0.72 

7 699 0.73 

8 475 0.79 

9 505 0.77 

10 598 0.77 

11 486 0.71 

12 472 0.80 

13 716 0.72 

14 682 0.71 

15 665 0.71 

16 586 0.85 

17 372 0.86 

18 377 0.83 

19 343 0.82 

20 457 0.81 

21 299 0.87 

22 405 0.83 

23 495 0.78 

24 368 0.83 

25 407 0.82 

26 389 0.80 

27 401 0.81 

28 337 0.82 

29 219 0.88 

30 235 0.86 

31 264 0.87 

32 289 0.85 
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Appendix G. Description of Microarchitectural Parameters 

 
Name:   Tissue Volume 

Abbreviation:  TV 

Units:   mm
3 

Description: 

Total volume of the volume-of-interest (VOI), whose measurement is simply the total number of voxels of 

(solid and space) in the VOI times the voxel volume. The word “tissue” simply refers to the volume of 

interest. It does not mean any kind of recognition of any particular density range as biological tissue, soft, 

hard, or otherwise. 

 

 

Name:   Bone Volume 

Abbreviation:  BV 

Units:   mm
3 

Description: 

Total volume of binarised objects within the VOI. Measured in both 2D and 3D. The measurement is 

simply the number of voxels of binarised solid objects in the VOI times the voxel volume.  

 

 

Name:   Percent Bone Volume 

Abbreviation:  BV/TV 

Units:   %
 

Description: 

The proportion of the VOI occupied by binarised solid objects. This parameter is only relevant if the 

studied volume is fully contained within a biphasic region of solid and space such as a trabecular bone 

region, and does not for example extend into or beyond the bounding cortical wall of bone.  

 

 

Name:   Bone Surface 

Abbreviation:  BS 

Units:   mm
2
 

Description: 

In 2D, the binarised object surface includes both, the crossectional slice perimeter measurements plus the 

vertical surfaces between solid and space. So in fact, it is an essentially 3d measurement based on a simple 

cubic voxel. The 3D measured surface is based on the faceted surface of the marching cubes volume model.  

In this dissertation we are concerned with the 3D measurement. 

 

 

Name:   Bone Specific Surface 

Abbreviation:  BS/BV 

Units:   1/mm
 

Description:  

The ratio of binarised solid surface to volume measured as described above in both 2D and 3D within the 

VOI. Surface to volume ratio or “specific surface” is a useful basic parameter in characterising the 

complexity of structures and is the basis of model-dependent estimates of thickness.  
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Name:   Bone Surface Density 

Abbreviation:  BS/TV 

Units:   1/mm
 

Description:  

The ratio of surface area to total volume measured as described above in both 2D and 3D within the VOI.  

 

 

Name:   Trabecular thickness 

Abbreviation:  Tb.Th 

Units:   mm
 

Description:  

With 3D image analysis by micro-CT a true 3D thickness can be measured which is model-independent. 

This is determined as an average of the local thickness at each voxel representing solid (or bone) (Ulrich et 

al. 1999). Local thickness for a point in solid is defined by Hildebrand and Ruegsegger (1997a) as the 

diameter of a sphere which fulfils two conditions:  

(a) the sphere encloses the point (but the point is not necessarily the centre of the sphere);  

(b) the sphere is entirely bounded within the solid surfaces.  

Histomorphometrists typically measure a single mean value of bone Tb.Th from a trabecular bone site. 

However a trabecular bone volume – or any complex biphasic object region – can also be characterised by 

a distribution of thicknesses. CT-analyser outputs a histogram of thicknesses with an interval of two pixels.  

 

 

Name:   Trabecular Separation 

Abbreviation:  Tb.Sp 

Units:   mm
 

Description:  

Trabecular separation is essentially the thickness of the spaces as defined by binarisation within the VOI. It 

can also be calculated directly in 3D by applying the surface area-based models as for thickness (Tb.Th). 

 

 

Name:   Trabecular Number 

Abbreviation:  Tb.N 

Units:   1/mm
 

Description:  

Structure linear density or trabecular number implies the number of traversals across a trabecular or solid 

structure made per unit length on a linear path through a trabecular bone region.  This parameter is 

measured in CT-analyser in 3D by application of equation below, and using a direct 3D measurement of 

thickness. Note that the optional stereology analysis (not included in this report) includes measurements of 

thickness, separation and number/linear density based on the mean intercept length (MIL) analysis which 

represents an alternative basis for these architectural measurements.  

  

 

 

Name:   Trabecular Bone Pattern Factor 

Abbreviation:  Tb.Pf 
Units:   1/mm

 

Description:  

This is an index of connectivity of trabecular bone, which was developed and defined by Hahn et al. 

(1992). It was applied by these authors to 2D images of trabecular bone, and calculates an index of relative 

convexity or concavity of the total bone surface, on the principle that concavity indicates connectivity, and 

convexity indicates isolated disconnected structures (struts). Tb.Pf is calculated in 3D by comparing area 



 

238 

and perimeter (or volume and surface, respectively) of binarised solid before and after an image dilation. It 

is defined:  

 
Where P and A are solid area and perimeter, and the subscript numbers 1 and 2 indicate before and after 

image dilation.  

Where structural / trabecular connectedness results in enclosed marrow spaces, then dilation of trabecular 

surfaces will contract the perimeter. By contrast, open ends or nodes will have their perimeter expanded by 

surface dilation. As a result, lower Tb.Pf signifies better connected trabecular lattices while higher Tb.Pf 

means a more disconnected trabecular structure. A prevalence of enclosed cavities and concave surfaces 

can push Tb.Pf to negative values – as with the structure model index (SMI) – see below.  

 

Name:   Structure Model Index 

Abbreviation:  SMI 

Units:   none
 

Description:  

Structure model index indicates the relative prevalence of rods and plates in a 3D structure such as 

cancellous bone. SMI involves a measurement of surface convexity. This parameter is of importance in 

osteoporosis of trabecular bone which is characterised by a transition from plate-like to rod-like 

architecture. An ideal plate, cylinder and sphere have SMI values of 0, 3 and 4 respectively.  

The calculation of SMI is based on dilation of the 3D voxel model.  This artificially adds one voxel 

thickness to all binarised object surfaces (Hildebrand et al. 1997b). This is also the basis of the Tb.Pf 

parameter (see above) which explains why changes in both parameters correlate very closely with each 

other. SMI is derived as follows:  

 

Where, S is the object surface area before dilation and S’ is the change in surface area caused by dilation. V 

is the initial, undilated object volume.  

It should be noted that concave surfaces of enclosed cavities represent negative convexity to the SMI 

parameter, since dilation of an enclosed space will reduce surface area causing S’ to be negative. Therefore 

regions of bone containing a prevalence of enclosed cavities – such as regions with relative volume above 

50% – can have negative SMI values. As a consequence, the SMI parameter is sensitive to relative volume, 

and this can accentuate differences between experimental groups in the measured SMI value. 
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Appendix H. Permeability and Microarhictecture Results 

 

Intact Cancellous Bone 
Initial Height, h0: 5.3E-02  m   Diameter of Falling Head Tube, dtube :  1.90E-02 mm 

End Height, h:  2.00E-03 m             Diameter of Permeameter Tube, dperm :  6.00E-03  mm 
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2 6.955E-03 3.277 10.028 9.69 9.43 10.05 9.723 2.35E-02 2.40E-09 0.86 3.17 2.81 1.04 0.14 1.02 0.66 

3 6.740E-03 3.277 10.028 9.01 8.88 8.81 8.900 2.49E-02 2.54E-09 0.88 3.10 3.52 1.10 0.13 0.97 0.67 

4 6.835E-03 3.277 10.028 9.11 9.69 9.76 9.520 2.36E-02 2.41E-09 0.87 2.99 3.43 1.14 0.14 0.94 0.69 

5 6.784E-03 3.277 10.028 9.05 8.95 9.17 9.057 2.46E-02 2.51E-09 0.93 2.26 7.02 1.54 0.11 0.64 0.75 

6 6.704E-03 3.277 10.028 8.81 9.56 8.88 9.083 2.43E-02 2.47E-09 0.88 2.69 4.85 1.49 0.15 0.79 0.70 

7 6.187E-03 3.277 10.028 10.18 10.11 10.05 10.113 2.01E-02 2.05E-09 0.88 2.86 3.65 1.20 0.14 0.89 0.70 

8 6.245E-03 3.277 10.028 9.82 9.63 9.63 9.693 2.12E-02 2.16E-09 0.88 2.85 3.36 1.14 0.14 0.90 0.72 

9 6.088E-03 3.277 10.028 8.36 8.69 8.49 8.513 2.35E-02 2.40E-09 0.90 2.55 5.58 1.60 0.14 0.75 0.70 

10 6.108E-03 3.277 10.028 9.11 8.82 9.00 8.977 2.24E-02 2.28E-09 0.89 2.61 4.73 1.44 0.14 0.79 0.71 

11 6.210E-03 3.277 10.028 8.81 9.17 9.18 9.053 2.25E-02 2.30E-09 0.89 2.64 5.17 1.54 0.14 0.78 0.69 

12 6.389E-03 3.277 10.028 10.23 10.59 10.17 10.330 2.03E-02 2.07E-09 0.85 3.32 2.45 0.94 0.14 1.07 0.65 

13 6.355E-03 3.277 10.028 10.00 10.00 10.06 10.020 2.08E-02 2.13E-09 0.89 2.54 5.19 1.51 0.14 0.76 0.72 

14 6.498E-03 3.277 10.028 9.43 9.62 10.00 9.683 2.21E-02 2.25E-09 0.88 2.74 4.14 1.34 0.15 0.84 0.73 

15 6.431E-03 3.277 10.028 9.55 9.95 10.00 9.833 2.15E-02 2.19E-09 0.87 2.79 4.62 1.51 0.16 0.82 0.67 

16 6.415E-03 3.277 10.028 10.55 10.18 10.24 10.323 2.04E-02 2.08E-09 0.87 2.97 2.81 1.04 0.14 0.94 0.72 

17 6.290E-03 3.277 10.028 9.88 9.43 9.63 9.647 2.14E-02 2.18E-09 0.89 2.57 4.40 1.38 0.14 0.79 0.72 

18 6.517E-03 3.277 10.028 11.17 11.00 10.88 11.017 1.94E-02 1.98E-09 0.87 3.04 3.26 1.14 0.14 0.95 0.68 

19 6.363E-03 3.277 10.028 10.43 9.37 9.82 9.873 2.12E-02 2.16E-09 0.88 2.85 4.71 1.44 0.14 0.86 0.67 

20 6.273E-03 3.277 10.028 10.24 10.06 10.05 10.117 2.04E-02 2.08E-09 0.88 2.78 3.91 1.23 0.13 0.87 0.74 
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21 6.367E-03 3.277 10.028 10.23 10.11 10.06 10.133 2.06E-02 2.11E-09 0.88 2.89 4.56 1.42 0.14 0.87 0.66 

22 6.251E-03 3.277 10.028 10.00 10.24 10.24 10.160 2.02E-02 2.06E-09 0.89 2.64 4.83 1.47 0.14 0.79 0.72 

23 6.552E-03 3.277 10.028 10.37 10.88 10.94 10.730 2.01E-02 2.05E-09 0.85 3.27 2.78 1.01 0.14 1.03 0.69 

24 6.130E-03 3.277 10.028 10.43 10.11 10.11 10.217 1.97E-02 2.01E-09 0.88 2.75 4.92 1.50 0.14 0.81 0.72 

25 5.780E-03 3.277 10.028 10.62 10.11 10.43 10.387 1.83E-02 1.86E-09 0.86 3.26 3.16 1.07 0.13 1.03 0.68 

26 6.420E-03 3.277 10.028 9.81 10.06 10.11 9.993 2.11E-02 2.15E-09 0.89 2.40 4.59 1.48 0.15 0.71 0.81 

27 6.139E-03 3.277 10.028 10.05 9.95 10.11 10.037 2.01E-02 2.05E-09 0.86 2.95 3.91 1.35 0.15 0.89 0.64 

28 5.822E-03 3.277 10.028 9.82 10.30 10.11 10.077 1.90E-02 1.94E-09 0.90 2.30 4.84 1.50 0.15 0.67 0.80 

29 6.157E-03 3.277 10.028 9.36 10.37 10.56 10.097 2.00E-02 2.04E-09 0.88 2.61 3.00 1.07 0.14 0.82 0.80 

30 6.247E-03 3.277 10.028 10.29 10.17 10.24 10.233 2.01E-02 2.05E-09 0.86 3.14 3.18 1.10 0.14 0.99 0.69 

31 6.280E-03 3.277 10.028 11.12 11.49 11.37 11.327 1.82E-02 1.86E-09 0.86 3.18 2.49 0.94 0.14 1.03 0.69 

32 6.305E-03 3.277 10.028 10.11 10.06 10.18 10.117 2.05E-02 2.09E-09 0.86 2.94 3.93 1.36 0.15 0.89 0.68 

33 6.348E-03 3.277 10.028 10.23 10.18 10.17 10.193 2.05E-02 2.09E-09 0.88 2.87 4.56 1.44 0.14 0.85 0.67 

34 6.369E-03 3.277 10.028 9.88 9.88 10..11 9.880 2.12E-02 2.16E-09 0.88 2.77 4.47 1.40 0.14 0.83 0.70 

35 6.424E-03 3.277 10.028 10.17 10.43 10.56 10.387 2.03E-02 2.07E-09 0.89 2.66 4.22 1.31 0.14 0.82 0.76 

75 6.397E-03 3.277 10.028 11.05 10.49 10.43 10.657 1.97E-02 2.01E-09 0.88 2.79 4.79 1.43 0.14 0.84 0.69 

77 5.416E-03 3.277 10.028 10.95 11.25 10.88 11.027 1.61E-02 1.65E-09 0.84 3.54 2.54 0.97 0.14 1.13 0.58 

79 6.808E-03 3.277 10.028 10.23 10.81 10.89 10.643 2.10E-02 2.14E-09 0.87 2.94 4.15 1.33 0.14 0.89 0.65 

36 5.987E-03 3.277 10.028 8.55 8.83 8.75 8.710 2.26E-02 2.30E-09 0.82 3.37 1.81 1.02 0.17 1.07 0.66 

37 5.970E-03 3.277 10.028 8.75 8.68 8.50 8.643 2.27E-02 2.31E-09 0.83 3.25 2.86 1.27 0.17 0.99 0.62 

38 5.987E-03 3.277 10.028 8.67 8.56 9.00 8.743 2.25E-02 2.29E-09 0.82 3.41 2.61 1.24 0.17 1.05 0.59 

39 5.983E-03 3.277 10.028 9.07 8.71 8.98 8.920 2.20E-02 2.25E-09 0.82 3.37 2.23 1.10 0.17 1.06 0.62 

40 6.001E-03 3.277 10.028 8.56 8.55 8.43 8.513 2.32E-02 2.36E-09 0.82 3.45 2.39 1.11 0.16 1.09 0.59 

41 5.995E-03 3.277 10.028 9.87 9.68 9.68 9.743 2.02E-02 2.06E-09 0.81 3.42 2.22 1.13 0.18 1.06 0.60 

42 6.003E-03 3.277 10.028 10.12 10.26 10.25 10.210 1.93E-02 1.97E-09 0.79 3.76 1.80 1.04 0.18 1.19 0.54 

43 6.004E-03 3.277 10.028 9.81 9.87 10.05 9.910 1.99E-02 2.03E-09 0.81 3.59 2.22 1.08 0.16 1.13 0.57 

44 5.849E-03 3.277 10.028 8.40 8.02 8.36 8.260 2.33E-02 2.37E-09 0.85 2.86 3.29 1.32 0.17 0.87 0.71 

45 5.855E-03 3.277 10.028 8.93 9.07 8.99 8.997 2.14E-02 2.18E-09 0.82 3.35 2.74 1.27 0.18 1.02 0.60 

46 5.820E-03 3.277 10.028 8.63 8.75 8.61 8.663 2.21E-02 2.25E-09 0.84 3.06 3.18 1.32 0.17 0.94 0.65 

47 5.962E-03 3.277 10.028 9.37 9.25 8.94 9.187 2.13E-02 2.17E-09 0.83 3.28 2.54 1.14 0.17 1.02 0.62 

48 5.959E-03 3.277 10.028 10.32 10.33 10.25 10.300 1.90E-02 1.94E-09 0.80 3.57 2.26 1.32 0.19 1.08 0.56 

49 5.900E-03 3.277 10.028 9.75 9.56 9.56 9.623 2.01E-02 2.05E-09 0.82 3.13 2.70 1.43 0.20 0.92 0.66 

50 5.923E-03 3.277 10.028 9.50 9.80 9.62 9.640 2.02E-02 2.06E-09 0.81 3.53 2.10 1.22 0.18 1.09 0.57 

51 6.225E-03 3.277 10.028 10.76 10.89 10.61 10.753 1.90E-02 1.94E-09 0.78 3.80 0.97 0.97 0.18 1.20 0.59 

52 6.169E-03 3.277 10.028 9.89 9.93 9.87 9.897 2.05E-02 2.09E-09 0.80 3.58 1.80 1.19 0.18 1.11 0.58 

53 6.124E-03 3.277 10.028 9.25 9.30 9.49 9.347 2.15E-02 2.20E-09 0.83 3.06 2.00 1.18 0.18 0.96 0.66 

54 6.024E-03 3.277 10.028 9.97 9.86 9.81 9.880 2.00E-02 2.04E-09 0.82 3.44 1.97 1.13 0.17 1.07 0.61 

55 5.984E-03 3.277 10.028 9.31 9.38 9.55 9.413 2.09E-02 2.13E-09 0.84 3.00 2.95 1.37 0.18 0.92 0.67 

56 6.043E-03 3.277 10.028 9.63 9.51 9.45 9.530 2.08E-02 2.12E-09 0.79 3.66 1.05 0.97 0.18 1.17 0.58 
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57 6.030E-03 3.277 10.028 10.24 10.19 10.00 10.143 1.95E-02 1.99E-09 0.76 4.10 0.70 1.00 0.18 1.29 0.52 

58 6.020E-03 3.277 10.028 9.99 9.87 10.00 9.953 1.99E-02 2.03E-09 0.78 3.73 1.05 1.03 0.18 1.18 0.57 

59 6.012E-03 3.277 10.028 10.50 10.63 10.38 10.503 1.88E-02 1.92E-09 0.80 3.66 1.14 0.97 0.18 1.17 0.62 

60 5.993E-03 3.277 10.028 9.13 9.38 9.25 9.253 2.13E-02 2.17E-09 0.83 2.80 2.38 1.40 0.20 0.87 0.74 

61 6.012E-03 3.277 10.028 10.74 10.82 10.43 10.663 1.85E-02 1.89E-09 0.79 3.77 1.53 1.13 0.18 1.17 0.55 

62 5.997E-03 3.277 10.028 10.31 10.31 10.43 10.350 1.90E-02 1.94E-09 0.82 3.26 2.25 1.22 0.18 1.02 0.64 

63 6.595E-03 3.277 10.028 8.92 8.87 8.69 8.827 2.46E-02 2.50E-09 0.84 2.85 2.25 1.24 0.18 0.89 0.73 

64 6.665E-03 3.277 10.028 10.88 10.93 11.01 10.940 2.00E-02 2.04E-09 0.79 3.63 1.45 1.12 0.19 1.12 0.59 

65 6.673E-03 3.277 10.028 11.19 11.37 11.13 11.230 1.95E-02 1.99E-09 0.80 3.33 1.07 0.97 0.19 1.07 0.65 

69 6.776E-03 3.277 10.028 10.81 10.74 10.75 10.767 2.07E-02 2.11E-09 0.78 3.63 0.44 0.82 0.18 1.18 0.60 

70 6.059E-03 3.277 10.028 11.00 11.06 10.93 10.997 1.81E-02 1.85E-09 0.80 2.99 1.92 1.52 0.22 0.89 0.69 

72 6.035E-03 3.277 10.028 8.24 8.06 8.19 8.163 2.43E-02 2.48E-09 0.87 2.11 2.67 1.38 0.20 0.65 0.94 

     Pool Mean 2.09E-02 2.14E-09 0.88 2.84 4.07 1.29 0.14 0.87 0.70 

       SD 1.82E-03 1.86E-10 0.02 0.28 1.00 0.20 0.01 0.11 0.05 

     Longitudinal Mean 2.08E-02 2.12E-09 0.81 3.36 2.02 1.17 0.18 1.05 0.63 

       SD 1.65E-03 1.69E-10 0.02 0.38 0.72 0.16 0.01 0.13 0.08 

     Transverse Mean 2.09E-02 2.13E-09 0.85 3.09 3.10 1.24 0.16 0.95 0.67 

       SD 1.73E-03 1.77E-10 0.04 0.42 1.35 0.19 0.02 0.15 0.07 
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Plateau Cancellous Bone 
Initial Height, h0: 5.3E-02  m Diameter of Falling Head Tube, dtube :  1.90E-02 mm 

End Height, h:  2.00E-03 m Diameter of Permeameter Tube, dperm:  6.00E-03  mm 
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2 5.410E-03 3.277 10.028 12.33 12.30 12.17 12.27 1.45E-02 1.48E-09 0.79 3.67 0.99 1.04 0.18 1.17 0.56 

3 6.600E-03 3.277 10.028 12.52 12.80 13.11 12.81 1.69E-02 1.73E-09 0.82 3.30 1.60 1.08 0.17 1.05 0.63 

4 6.420E-03 3.277 10.028 13.42 13.28 13.36 13.35 1.58E-02 1.61E-09 0.81 3.59 1.19 1.03 0.17 1.14 0.59 

5 6.390E-03 3.277 10.028 14.23 14.45 13.90 14.19 1.48E-02 1.51E-09 0.81 3.59 1.19 1.03 0.17 1.14 0.59 

6 6.440E-03 3.277 10.028 14.43 13.70 14.13 14.09 1.50E-02 1.53E-09 0.84 3.09 2.81 1.43 0.18 0.92 0.63 

7 5.840E-03 3.277 10.028 14.08 13.95 13.86 13.96 1.37E-02 1.40E-09 0.83 3.21 1.80 1.16 0.17 1.01 0.63 

8 5.850E-03 3.277 10.028 13.02 12.80 12.77 12.86 1.49E-02 1.52E-09 0.83 3.18 1.53 1.07 0.17 1.01 0.66 

9 5.860E-03 3.277 10.028 12.69 12.98 13.80 13.16 1.46E-02 1.49E-09 0.86 2.88 3.46 1.51 0.17 0.86 0.65 

10 5.760E-03 3.277 10.028 13.58 13.24 13.17 13.33 1.42E-02 1.45E-09 0.85 2.94 2.83 1.38 0.17 0.90 0.65 

11 5.770E-03 3.277 10.028 13.86 13.77 13.39 13.67 1.39E-02 1.41E-09 0.84 3.11 2.88 1.41 0.17 0.93 0.62 

12 6.110E-03 3.277 10.028 15.60 16.02 15.56 15.73 1.28E-02 1.30E-09 0.80 3.66 0.50 0.86 0.17 1.20 0.59 

13 5.870E-03 3.277 10.028 13.17 13.67 14.19 13.68 1.41E-02 1.44E-09 0.85 2.90 3.18 1.44 0.17 0.88 0.65 

14 6.190E-03 3.277 10.028 13.47 14.08 13.74 13.76 1.48E-02 1.51E-09 0.83 3.03 2.18 1.27 0.18 0.93 0.69 

15 5.840E-03 3.277 10.028 13.33 14.01 13.39 13.58 1.41E-02 1.44E-09 0.82 3.15 2.74 1.48 0.19 0.93 0.62 

16 6.050E-03 3.277 10.028 13.36 12.44 13.57 13.12 1.51E-02 1.54E-09 0.82 3.23 1.09 1.00 0.18 1.04 0.66 

17 5.880E-03 3.277 10.028 13.01 12.80 12.72 12.84 1.50E-02 1.53E-09 0.84 2.86 2.70 1.39 0.18 0.88 0.68 

18 6.210E-03 3.277 10.028 15.30 14.73 15.20 15.08 1.35E-02 1.38E-09 0.81 3.41 1.48 1.08 0.18 1.08 0.62 

19 5.950E-03 3.277 10.028 15.36 14.39 14.62 14.79 1.32E-02 1.35E-09 0.82 3.29 2.47 1.34 0.18 1.00 0.60 

20 5.760E-03 3.277 10.028 14.33 12.89 14.71 13.98 1.35E-02 1.38E-09 0.83 3.11 1.77 1.12 0.18 0.98 0.67 

21 5.960E-03 3.277 10.028 14.01 13.60 13.39 13.67 1.43E-02 1.46E-09 0.82 3.28 2.40 1.36 0.19 0.99 0.60 

22 5.850E-03 3.277 10.028 14.26 13.86 13.93 14.02 1.37E-02 1.40E-09 0.84 2.99 2.87 1.43 0.18 0.90 0.65 

23 6.250E-03 3.277 10.028 14.62 13.86 13.93 14.14 1.45E-02 1.48E-09 0.79 3.51 0.99 0.95 0.19 1.11 0.63 

24 5.750E-03 3.277 10.028 15.36 15.09 14.76 15.07 1.25E-02 1.28E-09 0.82 3.16 2.58 1.39 0.19 0.94 0.69 
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25 5.540E-03 3.277 10.028 15.46 16.01 16.39 15.95 1.14E-02 1.16E-09 0.80 3.50 0.99 0.97 0.18 1.12 0.61 

26 6.110E-03 3.277 10.028 15.99 15.95 15.23 15.72 1.28E-02 1.30E-09 0.85 2.67 2.80 1.48 0.20 0.79 0.74 

27 5.760E-03 3.277 10.028 15.82 15.95 15.17 15.65 1.21E-02 1.23E-09 0.81 3.32 1.95 1.32 0.19 1.00 0.58 

28 5.440E-03 3.277 10.028 16.18 15.70 15.16 15.68 1.14E-02 1.16E-09 0.86 2.62 3.20 1.60 0.18 0.77 0.74 

29 5.850E-03 3.277 10.028 15.42 16.22 15.65 15.76 1.22E-02 1.24E-09 0.84 2.81 1.63 1.12 0.18 0.90 0.74 

30 5.910E-03 3.277 10.028 17.36 16.95 16.68 17.00 1.14E-02 1.17E-09 0.80 3.38 1.27 1.06 0.18 1.07 0.66 

31 6.060E-03 3.277 10.028 16.45 17.23 16.57 16.75 1.19E-02 1.21E-09 0.80 3.37 0.55 0.86 0.18 1.10 0.67 

32 5.850E-03 3.277 10.028 16.64 16.30 16.81 16.58 1.16E-02 1.18E-09 0.81 3.26 2.12 1.33 0.19 0.99 0.63 

33 5.980E-03 3.277 10.028 16.36 16.54 15.23 16.04 1.22E-02 1.25E-09 0.82 3.29 2.60 1.40 0.18 0.98 0.60 

34 6.060E-03 3.277 10.028 15.70 16.01 15.92 15.88 1.25E-02 1.28E-09 0.82 3.17 2.41 1.34 0.19 0.96 0.64 

35 6.130E-03 3.277 10.028 17.89 16.45 16.09 16.81 1.20E-02 1.22E-09 0.83 3.03 2.20 1.30 0.18 0.93 0.69 

75 6.020E-03 3.277 10.028 15.54 16.48 15.92 15.98 1.24E-02 1.26E-09 0.82 3.23 2.58 1.35 0.18 0.97 0.62 

77 5.200E-03 3.277 10.028 17.11 17.67 17.95 17.58 9.72E-03 9.91E-10 0.76 4.02 0.40 0.89 0.18 1.29 0.53 

79 6.410E-03 3.277 10.028 15.42 15.36 15.45 15.41 1.37E-02 1.39E-09 0.81 3.30 2.16 1.31 0.19 0.99 0.59 

36 4.940E-03 3.277 10.028 10.3 10.43 10.49 10.41 1.56E-02 1.59E-09 0.77 4.07 0.77 0.87 0.17 1.29 0.56 

37 5.407E-03 3.277 10.028 10 9.74 9.74 9.83 1.81E-02 1.84E-09 0.79 3.87 1.85 1.16 0.18 1.18 0.55 

38 5.783E-03 3.277 10.028 9.68 9.82 9.94 9.81 1.94E-02 1.97E-09 0.81 3.53 2.39 1.20 0.17 1.09 0.58 

39 5.827E-03 3.277 10.028 9.49 9.51 9.49 9.50 2.02E-02 2.06E-09 0.81 3.58 2.10 1.11 0.17 1.13 0.59 

40 5.714E-03 3.277 10.028 9.99 9.24 9.93 9.72 1.93E-02 1.97E-09 0.81 3.73 2.02 1.07 0.16 1.17 0.57 

41 5.827E-03 3.277 10.028 10.18 10.2 10.32 10.23 1.87E-02 1.91E-09 0.81 3.55 2.21 1.13 0.17 1.10 0.58 

42 5.913E-03 3.277 10.028 10.68 10.7 10.74 10.71 1.81E-02 1.85E-09 0.79 3.81 1.69 1.01 0.17 1.20 0.54 

43 5.762E-03 3.277 10.028 10.06 10.24 10.3 10.20 1.86E-02 1.89E-09 0.80 3.83 1.93 1.05 0.17 1.21 0.56 

44 5.320E-03 3.277 10.028 9.43 9.57 9.57 9.52 1.84E-02 1.87E-09 0.83 3.24 3.35 1.36 0.17 0.97 0.63 

45 5.701E-03 3.277 10.028 9.81 9.87 10 9.89 1.89E-02 1.93E-09 0.79 3.74 2.39 1.26 0.19 1.13 0.54 

46 5.609E-03 3.277 10.028 9.51 9.43 9.31 9.42 1.96E-02 2.00E-09 0.82 3.43 2.77 1.27 0.18 1.05 0.59 

47 5.632E-03 3.277 10.028 10 9.83 9.93 9.92 1.87E-02 1.90E-09 0.82 3.46 2.30 1.13 0.17 1.07 0.60 

48 5.846E-03 3.277 10.028 10.24 10.44 10.2 10.29 1.87E-02 1.90E-09 0.80 3.62 2.24 1.16 0.18 1.10 0.56 

49 5.588E-03 3.277 10.028 9.88 9.87 10.01 9.92 1.85E-02 1.89E-09 0.81 3.27 2.71 1.33 0.19 0.97 0.64 

50 5.810E-03 3.277 10.028 10.68 10.25 9.94 10.29 1.86E-02 1.89E-09 0.81 3.55 2.17 1.09 0.18 1.10 0.58 

51 5.715E-03 3.277 10.028 12.44 12.63 12.62 12.56 1.49E-02 1.52E-09 0.77 4.06 0.53 0.77 0.18 1.30 0.57 

52 5.529E-03 3.277 10.028 10.81 10.82 10.83 10.82 1.68E-02 1.71E-09 0.79 3.71 1.35 1.00 0.18 1.15 0.58 

53 5.368E-03 3.277 10.028 9.93 10.12 10.06 10.04 1.76E-02 1.79E-09 0.79 3.80 1.52 1.07 0.18 1.17 0.57 

54 5.647E-03 3.277 10.028 10.23 10.49 10.72 10.48 1.77E-02 1.81E-09 0.80 3.64 1.62 0.95 0.17 1.14 0.58 

55 5.584E-03 3.277 10.028 9.99 10 10.19 10.06 1.82E-02 1.86E-09 0.81 3.60 2.77 1.27 0.18 1.10 0.56 

56 5.875E-03 3.277 10.028 11.56 11.5 11.62 11.56 1.67E-02 1.70E-09 0.77 3.93 0.95 0.87 0.18 1.25 0.55 

57 5.746E-03 3.277 10.028 11.13 11 11.12 11.08 1.70E-02 1.74E-09 0.76 4.10 1.10 0.91 0.18 1.29 0.52 

58 5.924E-03 3.277 10.028 10.63 10.62 10.57 10.61 1.84E-02 1.87E-09 0.79 3.68 1.47 0.95 0.18 1.16 0.58 

59 5.921E-03 3.277 10.028 10.93 10.99 11.12 11.01 1.77E-02 1.80E-09 0.80 3.65 1.41 0.87 0.17 1.17 0.60 

60 5.671E-03 3.277 10.028 10.27 10.06 10.12 10.15 1.84E-02 1.87E-09 0.81 3.11 2.18 1.20 0.19 0.98 0.68 
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61 5.782E-03 3.277 10.028 10.93 10.75 10.87 10.85 1.75E-02 1.79E-09 0.79 3.94 1.69 1.06 0.17 1.22 0.54 

62 5.899E-03 3.277 10.028 9.67 9.68 9.74 9.70 2.00E-02 2.04E-09 0.81 3.43 2.25 1.13 0.17 1.08 0.60 

63 6.275E-03 3.277 10.028 10.07 9.62 9.76 9.82 2.10E-02 2.14E-09 0.81 3.45 1.95 1.14 0.18 1.07 0.64 

64 6.375E-03 3.277 10.028 10.88 10.76 11.24 10.96 1.91E-02 1.95E-09 0.79 3.79 1.59 1.04 0.18 1.17 0.57 

65 6.499E-03 3.277 10.028 10.43 10.88 11.01 10.77 1.98E-02 2.02E-09 0.82 3.25 1.58 0.93 0.17 1.05 0.66 

69 6.147E-03 3.277 10.028 10.62 10.81 10.76 10.73 1.88E-02 1.92E-09 0.77 3.92 0.22 0.68 0.18 1.28 0.56 

70 5.884E-03 3.277 10.028 10.37 10.57 10.5 10.48 1.85E-02 1.88E-09 0.80 2.98 1.52 1.18 0.22 0.90 0.70 

72 4.609E-03 3.277 10.028 8.81 8.94 8.82 8.86 1.71E-02 1.74E-09 0.83 2.80 2.31 1.22 0.20 0.87 0.77 

      Pool 1.34E-02 1.37E-09 0.821 3.219 2.002 1.232 0.180 0.996 0.638 

        1.50E-03 1.53E-10 0.020 0.289 0.828 0.205 0.008 0.112 0.047 

      Longitudinal 1.83E-02 1.87E-09 0.799 3.609 1.846 1.074 0.179 1.125 0.591 

        1.25E-03 1.28E-10 0.017 0.309 0.671 0.160 0.010 0.107 0.052 

      Transverse 1.57E-02 1.60E-09 0.811 3.403 1.929 1.157 0.179 1.057 0.616 

        2.81E-03 2.87E-10 0.022 0.355 0.757 0.200 0.009 0.127 0.054 
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Densified Cancellous Bone 
Initial Height, h0: 5.3E-02  m Diameter of Falling Head Tube, dtube :  1.90E-02 mm 

End Height, h:  2.00E-03 m           Diameter of Permeameter Tube, dperm :  6.00E-03  mm 
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2 5.88E-03 3.277 10.028 10.65 10.78 10.65 10.693 1.81E-02 1.84E-09 0.75 4.35 0.15 1.00 0.18 1.36 0.49 

3 5.08E-03 3.277 10.028 10.22 10.57 9.54 10.110 1.65E-02 1.68E-09 0.73 4.72 -1.38 0.79 0.18 1.48 0.47 

4 5.30E-03 3.277 10.028 9.17 9.77 9.72 9.553 1.82E-02 1.86E-09 0.81 3.73 2.17 1.37 0.17 1.11 0.56 

5 5.23E-03 3.277 10.028 10.40 10.96 10.88 10.747 1.60E-02 1.63E-09 0.73 4.82 -1.10 0.80 0.18 1.50 0.46 

6 4.95E-03 3.277 10.028 9.51 9.85 10.05 9.803 1.66E-02 1.69E-09 0.77 4.18 0.51 1.18 0.19 1.24 0.51 

7 4.45E-03 3.277 10.028 11.41 9.60 10.69 10.567 1.38E-02 1.41E-09 0.75 4.44 -0.51 0.95 0.19 1.36 0.51 

8 5.00E-03 3.277 10.028 10.14 9.42 11.97 10.510 1.56E-02 1.59E-09 0.77 4.05 0.09 0.96 0.18 1.26 0.57 

9 4.60E-03 3.277 10.028 8.49 9.96 9.68 9.377 1.61E-02 1.64E-09 0.81 3.78 2.43 1.46 0.17 1.11 0.55 

10 5.45E-03 3.277 10.028 9.30 9.46 9.41 9.390 1.91E-02 1.95E-09 0.82 3.53 2.61 1.44 0.18 1.05 0.58 

11 4.45E-03 3.277 10.028 11.00 11.63 10.85 11.160 1.31E-02 1.34E-09 0.77 4.26 0.96 1.25 0.18 1.25 0.47 

12 5.13E-03 3.277 10.028 11.85 12.70 12.16 12.237 1.38E-02 1.41E-09 0.71 5.02 -1.51 0.68 0.18 1.60 0.44 

13 5.37E-03 3.277 10.028 9.18 9.74 9.93 9.617 1.83E-02 1.87E-09 0.81 3.56 1.41 1.28 0.18 1.06 0.65 

14 4.32E-03 3.277 10.028 11.18 10.02 10.02 10.407 1.37E-02 1.39E-09 0.75 4.34 -0.44 1.02 0.19 1.32 0.52 

15 5.86E-03 3.277 10.028 10.67 10.48 10.15 10.433 1.84E-02 1.88E-09 0.80 3.57 0.99 1.04 0.18 1.12 0.62 

16 4.75E-03 3.277 10.028 10.93 10.50 10.12 10.517 1.48E-02 1.51E-09 0.77 3.85 0.05 1.16 0.20 1.13 0.56 

17 4.70E-03 3.277 10.028 10.58 10.41 10.21 10.400 1.48E-02 1.51E-09 0.81 3.51 1.48 1.29 0.18 1.06 0.60 

18 5.49E-03 3.277 10.028 9.60 10.49 10.15 10.080 1.79E-02 1.83E-09 0.75 4.35 -0.06 0.91 0.18 1.36 0.53 

19 4.56E-03 3.277 10.028 10.98 10.44 10.38 10.600 1.41E-02 1.44E-09 0.75 4.60 0.36 1.11 0.18 1.37 0.49 

20 5.23E-03 3.277 10.028 9.34 9.88 9.82 9.680 1.77E-02 1.81E-09 0.79 3.81 1.37 1.16 0.17 1.18 0.56 

21 5.11E-03 3.277 10.028 10.05 10.12 9.42 9.863 1.70E-02 1.74E-09 0.78 4.05 1.77 1.35 0.18 1.20 0.53 

22 4.90E-03 3.277 10.028 8.83 9.15 9.15 9.043 1.78E-02 1.82E-09 0.81 3.61 2.07 1.41 0.18 1.07 0.58 

23 6.06E-03 3.277 10.028 10.30 10.80 10.63 10.577 1.88E-02 1.92E-09 0.75 4.27 0.56 1.01 0.19 1.32 0.53 

24 4.18E-03 3.277 10.028 9.46 10.27 9.95 9.893 1.39E-02 1.41E-09 0.75 4.25 -0.68 0.95 0.19 1.28 0.53 
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25 5.29E-03 3.277 10.028 9.96 10.10 9.73 9.930 1.75E-02 1.79E-09 0.78 3.87 0.99 1.02 0.18 1.22 0.57 

26 4.47E-03 3.277 10.028 9.64 10.98 10.03 10.217 1.44E-02 1.47E-09 0.78 3.90 1.09 1.29 0.19 1.14 0.56 

27 4.61E-03 3.277 10.028 9.91 9.47 9.73 9.703 1.56E-02 1.59E-09 0.76 4.14 0.69 1.24 0.19 1.22 0.51 

28 5.04E-03 3.277 10.028 9.54 9.42 9.06 9.340 1.77E-02 1.81E-09 0.85 2.86 3.42 1.57 0.18 0.83 0.68 

29 5.04E-03 3.277 10.028 10.04 9.54 9.40 9.660 1.71E-02 1.75E-09 0.80 3.59 1.12 1.15 0.18 1.11 0.62 

30 5.62E-03 3.277 10.028 9.50 9.76 9.70 9.653 1.91E-02 1.95E-09 0.78 3.98 0.89 1.10 0.18 1.23 0.55 

31 5.85E-03 3.277 10.028 10.07 10.32 9.68 10.023 1.92E-02 1.96E-09 0.79 3.66 0.47 0.90 0.18 1.18 0.65 

32 5.55E-03 3.277 10.028 10.98 10.96 10.04 10.660 1.71E-02 1.74E-09 0.78 3.95 1.63 1.32 0.19 1.17 0.53 

33 4.93E-03 3.277 10.028 10.64 10.69 10.12 10.483 1.54E-02 1.57E-09 0.77 4.21 1.17 1.25 0.19 1.23 0.50 

34 5.03E-03 3.277 10.028 9.85 10.34 9.78 9.990 1.65E-02 1.69E-09 0.78 4.03 1.66 1.29 0.18 1.20 0.54 

35 4.89E-03 3.277 10.028 9.91 10.36 10.24 10.170 1.58E-02 1.61E-09 0.79 3.92 1.06 1.12 0.18 1.20 0.55 

75 4.78E-03 3.277 10.028 10.48 10.26 10.21 10.317 1.52E-02 1.55E-09 0.77 4.23 -0.21 1.05 0.18 1.28 0.52 

77 4.27E-03 3.277 10.028 10.71 10.80 10.66 10.723 1.31E-02 1.33E-09 0.70 5.17 -1.43 0.74 0.18 1.62 0.43 

79 5.48E-03 3.277 10.028 9.26 9.86 9.480 9.533 1.89E-02 1.93E-09 0.77 4.16 0.98 1.18 0.19 1.25 0.49 

36 0.004292 3.277 10.028 12.31 12.57 12.38 12.420 5.68E-03 5.79E-10 0.50 7.12 -8.94 -0.74 0.22 2.31 0.25 

37 0.00508 3.277 10.028 10.52 10.56 10.31 10.463 7.98E-03 8.13E-10 0.59 6.51 -5.15 0.11 0.20 2.02 0.30 

38 0.004914 3.277 10.028 11.26 11.2 11.39 11.283 7.16E-03 7.30E-10 0.55 6.88 -6.21 -0.06 0.21 2.15 0.28 

39 0.005444 3.277 10.028 10.2 10.24 10.19 10.210 8.76E-03 8.93E-10 0.59 6.85 -4.80 0.10 0.19 2.15 0.29 

40 0.005038 3.277 10.028 11.12 11.01 11.19 11.107 7.45E-03 7.60E-10 0.57 7.11 -5.67 0.02 0.19 2.22 0.28 

41 0.005142 3.277 10.028 10.99 10.89 10.87 10.917 7.74E-03 7.89E-10 0.55 6.90 -6.10 -0.09 0.21 2.17 0.28 

42 0.005108 3.277 10.028 13.62 13.7 13.63 13.650 6.15E-03 6.27E-10 0.47 7.23 -9.49 -0.93 0.23 2.35 0.23 

43 0.004954 3.277 10.028 13.3 13.37 13.44 13.370 6.09E-03 6.21E-10 0.52 7.22 -7.64 -0.53 0.20 2.34 0.27 

44 0.0053 3.277 10.028 10.68 10.43 10.74 10.617 8.20E-03 8.36E-10 0.65 6.05 -1.93 0.67 0.19 1.83 0.35 

45 0.005322 3.277 10.028 12.06 12.12 12.13 12.103 7.23E-03 7.37E-10 0.55 6.66 -6.18 -0.09 0.22 2.08 0.27 

46 0.004968 3.277 10.028 9.94 10.12 10 10.020 8.15E-03 8.31E-10 0.61 6.37 -3.78 0.36 0.21 1.97 0.31 

47 0.00568 3.277 10.028 11.5 11.5 11.69 11.563 8.07E-03 8.23E-10 0.61 6.36 -4.08 0.21 0.19 1.99 0.31 

48 0.00541 3.277 10.028 11.56 11.77 11.7 11.677 7.61E-03 7.76E-10 0.54 6.88 -6.49 -0.20 0.21 2.17 0.27 

49 0.00504 3.277 10.028 10.94 10.81 10.93 10.893 7.60E-03 7.75E-10 0.57 6.57 -5.05 0.17 0.22 2.00 0.29 

50 0.004994 3.277 10.028 12.81 12.57 12.68 12.687 6.47E-03 6.60E-10 0.56 7.03 -5.96 -0.17 0.20 2.23 0.27 

51 0.005436 3.277 10.028 14 14.25 14.55 14.267 6.26E-03 6.38E-10 0.48 6.98 -10.17 -1.22 0.23 2.31 0.25 

52 0.005152 3.277 10.028 12.19 12.06 12.12 12.123 6.98E-03 7.12E-10 0.54 6.76 -7.03 -0.29 0.21 2.13 0.28 

53 0.005212 3.277 10.028 11.51 11.5 11.21 11.407 7.51E-03 7.66E-10 0.63 6.14 -3.84 0.34 0.20 1.91 0.35 

54 0.005338 3.277 10.028 12.5 12.37 12.44 12.437 7.05E-03 7.19E-10 0.61 6.72 -4.67 0.20 0.19 2.10 0.30 

55 0.005424 3.277 10.028 11.37 11.44 11.37 11.393 7.82E-03 7.98E-10 0.65 6.28 -1.60 0.73 0.19 1.92 0.32 

56 0.005114 3.277 10.028 13.56 13.56 13.32 13.480 6.23E-03 6.36E-10 0.51 7.08 -8.67 -0.69 0.21 2.30 0.25 

57 0.005244 3.277 10.028 15.26 15.38 15.63 15.423 5.59E-03 5.70E-10 0.46 7.31 -10.24 -1.09 0.23 2.38 0.23 

58 0.006468 3.277 10.028 11.58 11.49 11.75 11.607 9.16E-03 9.34E-10 0.62 6.13 -3.58 0.25 0.20 1.92 0.35 

59 0.005446 3.277 10.028 14.14 14.31 14.55 14.333 6.24E-03 6.37E-10 0.54 7.10 -6.62 -0.31 0.20 2.29 0.26 
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60 0.00562 3.277 10.028 10.15 9.93 9.98 10.020 9.22E-03 9.40E-10 0.64 5.58 -2.20 0.62 0.20 1.75 0.37 

61 0.005424 3.277 10.028 11.43 11.44 11.7 11.523 7.73E-03 7.89E-10 0.54 6.98 -6.77 -0.30 0.21 2.22 0.26 

62 0.005236 3.277 10.028 10.18 10.37 10.62 10.390 8.28E-03 8.44E-10 0.59 6.51 -4.02 0.23 0.20 2.04 0.30 

63 0.005692 3.277 10.028 10.06 10.37 10.25 10.227 9.15E-03 9.33E-10 0.62 6.10 -3.19 0.40 0.20 1.90 0.34 

64 0.005544 3.277 10.028 12.82 12.93 13.18 12.977 7.02E-03 7.16E-10 0.48 7.05 -8.49 -0.73 0.23 2.27 0.24 

65 0.00606 3.277 10.028 13.75 13.8 13.57 13.707 7.26E-03 7.41E-10 0.58 6.45 -4.45 0.08 0.20 2.06 0.31 

69 0.00548 3.277 10.028 13.69 13.65 13.87 13.737 6.55E-03 6.68E-10 0.48 7.03 -9.27 -1.00 0.22 2.32 0.25 

70 0.005466 3.277 10.028 11.44 11.25 11.38 11.357 7.91E-03 8.06E-10 0.55 5.86 -4.93 0.20 0.25 1.80 0.31 

72 0.00543 3.277 10.028 8.9 9.24 9.01 9.050 9.86E-03 1.01E-09 0.74 4.16 0.82 1.09 0.20 1.28 0.51 

      Pool 1.64E-02 1.67E-09 0.77 4.06 0.73 1.13 0.18 1.23 0.54 

        1.87E-03 1.91E-10 0.03 0.46 1.15 0.21 0.01 0.16 0.06 

      Longitudinal 7.46E-03 7.61E-10 0.57 6.60 -5.65 -0.08 0.21 2.09 0.30 

        1.07E-03 1.09E-10 0.06 0.62 2.61 0.55 0.01 0.23 0.05 

      Transverse 1.22E-02 1.24E-09 0.68 5.26 -2.28 0.56 0.19 1.64 0.42 

        4.76E-03 4.85E-10 0.11 1.39 3.76 0.73 0.02 0.47 0.13 

        

H
y

d
ra

u
li

c 
C

o
n

d
u

ct
iv

it
y

, 
K

  
 

(m
/s

) 

p
er

m
ea

b
il

it
y

, 
k

  
  

  
  

  
  

  
  
  

  
  

 

(m
2
) 

P
o

ro
si

ty
, 
!

  
  

  
  

  
  
  

  
  

  
  

  
  

  
  

  
  

  

( 
) 

B
o

n
e
 s

u
rf

a
ce

 d
en

si
ty

, 
B

S
/T

V
 

(m
m

-1
) 

T
ra

b
ec

u
la

r
 p

a
tt

er
n

 f
a

ct
o

r
 ,

 

T
b

.P
f 

 (
m

m
-1

) 

S
tr

u
ct

u
re

 m
o

d
el

 i
n

d
ex

, 
S

M
I 

  
  

  

( 
 )

 

T
ra

b
ec

u
la

r
 t

h
ic

k
n

es
s,

 T
b

.T
h

 

(m
m

) 

T
ra

b
ec

u
la

r
 n

u
m

b
e
r,

 T
b

.N
  

 

(m
m

-1
) 

T
ra

b
ec

u
la

r
 s

e
p

a
ra

ti
o

n
, 
T

b
.S

p
 

(m
m

) 

 



 

248 

Appendix I. Centroid of Complex Solids 

A smoothening technique, developed by Camancho et al., [1997], was incorporated to 

smooth out the surface of the voxel-based finite element mesh generated.  The technique 

required the centroid of elements representing bone or centroid of representing empty 

spaces, to be determined.  The surface node is then moved towards this centroid.  As each 

surface node is shared by only hexahedral elements, the complex solids is a combination 

of rectangular blocks, or cubes, attached in different combinations. 

To determine the centroid of a complex solid, it should be first broken down into a finite 

number of simpler shapes; each with a centroid that are easily determined.  Subsequently, 

the spatial coordinates (x, y, z) of the centroid of the complex solids is determined by: 

 

! 

Cx =

VnCxn

n

"

Vn

n

"
,Cy =

VnCyn

n

"

Vn

n

"
,Cz =

VnCzn

n

"

Vn

n

"
 

 

where  n is the numbering of each simpler solid, 

 Vn is the colume of solid n, 

Cxn is the perpendicular distance in the x direction from the yz plane to the centroid   of solid n, 

Cyn is the perpendicular distance in the y direction from the xz plane to the centroid of solid n, and 

Czn is the perpendicular distance in the z direction from the xy plane to the centroid of solid n. 

 

e.g. 

 

 

 

!1 !2 

x 

y 

z 

If each voxel! cube is 2mm in length: 

 

Cx1 = 1mm, CY1 = 1mm And Cz1 = 1mm 

Cx2 = 1mm, Cy2 = 3mm And Cz2 = 1mm 

V1 = V2 = 8mm
3

 

 

Cx = (8*1 + 8*1)/(8+8) = 1mm 

Cy = (8*1 + 8*3)/(8+8) = 2mm 

Cz = (8*1 + 8*1)/(8+8) = 1mm 

!c 

 

Surface 

node ni 

 


