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Abstract 

The likelihood of a given bone fracturing atraumatically is 

difficult to assess.. A number of factors - age, frequency of falling, 

cushioning by overlying tissues, protective reactions - as well as 

bone strength dotermine fracture risk. The interrelationships 

between these factors make it hard to evaluate the effect of any one 

variable in a study. 

The most common method of assessing bone strength is to use the 

surrogate method of bone mineral content (BMC) or bone mineral 

density (BMD). The architectural breakdown of the trabeculae, the 

mineral "mesh" which makes up bone, is a tittle-studied factor 

which may help to better predict fracture. In this thesis, the 

results of quantitative measurements of trabecular architecture, 

BMD, and strength of femoral heads scavenged from hip replacement 

surgery will be presented. This is intended to illuminate the 

relationships between bone strength, bone density, and trabecular 

architecture. 
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Chapter 1 

An Introduction to Osteoporosis 


1.1 Cverview 

Osteoporosis is a serious problem, the costs of which have been 

estimated at more than 7 billion dollars per year in the USA [1 ]. The 

three most common fractures associated with osteoporosis are 

Calles fracture (fracture of the wrist), vertebral crush fracture, and 

hip (proximal femur) fracture. Other fracture sites are the humerus 

or pelvis, or other less common locations. With sufficient force, 

these fractures 1::an occur in anyone, but are considered osteoporotic 

when they occur in the elderly or as a result of minimal trauma. The 

skeletal locations of the three most common fracture sites are 

shown in figure 1.1. 

Hip fracture is by far the most costly and debilitating of 

osteoporotic fractures. Approximately 210,000 hip fractures occur 

yearly in the U.S.A. Average time of hospitalization is 3 weeks. 

Mortality rate ir1 the first year is elevated 12-20°/o (above normal, 

nonfractured persons). Many victims suffer permanent physical 

1 
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Figure 1.1 

Taken From nThe Anatomy Coloring 
Book" 

Skeletal Locations of the Three 
Common Osteoporotic Fractures 

.-.;++---Hip Fracture 

---Calles Fracture 

) 
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impairment and can never resume their previous lifestyle [2]. 

The name "hip" fracture is actually somewhat misleading to the 

layman since it is not one of the bones of the pelvis (ilium, ischium, 

or pubis) which fractures, but rather the proximal end of the long 

bone of the thigt - the femur. 

Females are much more at risk than males for this injury (75­

80% of hip fractures affect women). Hip fracture incidence 

equalizes somewhat between the sexes in the very elderly (80 years 

of age and over) [2, 3). 

A common misconception is that hip fractures in the elderly can 

be explained completely by osteoporosis. Osteoporosis is defined as 

"a porosity and brittleness of the bones due to loss of protein from 

the bone matrix" (Collins English Dictionary), the accepted 

consequence of which is increased fracture risk. A loss of protein 

will inevitably 01~cur with a loss of bone mineral, which can be 

measured as a ,jecreased bone mass. Although this is undoubtedly an 

important factor in elevating fracture risk, it is an incomplete 

explanation of why elderly people fracture. 

A more comprehensive list of the variables which might 

contribute to a11 individual's hip fracture risk are: 

1) Age 

2) Falling frequency 

3) Bone strength 

4) Overlying Tissues 

5) Protective ''eactions 

Age is strongly correlated with hip fracture risk. Older people 

fracture more often, the relationship between incidence and age 
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being approximately exponential for hip fracture [2) as shown in 

figure 1.2. Is the increasing fracture risk due to loss of bone mass, 

decrease in bon•~ strength, increase in falling, decrease in overlying 

tissues, or deteriorating protective reactions? It is most likely a 

combination of all. But simply basing a risk on age would be an 

incomplete analysis, not differentiating between subgroups in the 

same age group (athletic vs. non-athletic, fat vs. thin). 

There is somo epidemiological data on falling frequency. It 

suggests that th•~ percentage of individuals who fall increases with 

age after age 60. The risk is considerably higher for females, 

equalizing somewhat between the sexes around age 75 [4, 5). Fifty 

percent of elderly persons who fall do so repeatedly. In the elderly, 

an estimated 5-1 0% of falls result in serious injury other than 

fracture. solo re:)ult in fracture. Approximately one-fifth of these 

fractures are hip fractures. It is difficult to say whether a given 

hip fracture results from or causes a fall, but it is estimated that 

80-90% of hip fractures result from falls (6). Thus falling frequency 

is a variable which influences fracture risk. 

It is thought tl1at bone strength is principally determined by bone 

mass [7], which can be quantified by various methods: OCT 

(Quantitative Computed Tomography), DPA (Dual Photon 

Absorptiometry), ~3PA (Single Photon Absorptiometry), and speed of 

sound measuremHnts. These techniques and their relative merits 

have recently been reviewed [8]. There is no doubt that bigger bones 

are stronger bones and are less prone to fracture. 

Overlying tissue is almost totally overlooked ir. fracture risk 

studies, despite 1he fact that it is likely quite an important factor. 

The presence of fat and (probably more importantly) muscle around a 

bone will do much to protect the bone in the event of a fall. 

Protective reac:tiJns refer to an individual's ability, in the event 
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FigLit"e 1.2 

Fract.ur:e .In:i&rn:: vs. Pqe. ~ 

Exp::natia1 In::re3se in hip Fractures 

From: S.R. Cummings, J.L. Kelsey, M.C. Nevitt, 
"Epidemiolog ,­ of Osteoporosis and Osteoporotic 
Epidemiologic Reviews, I, 1985: 178-199. 
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1.2 

of a fall, to manoeuvre himself while falling to minimize injury. 

These reactions presumably decrease with age, decreased flexibility 

or muscle mass, increased drug use, and possibly other factors. 

Interdependency of Variables Influencing Osteoporosis 

It is difficult to single out any one factor in a study to measure 

its effect on fracture risk. In trying to base a risk estimate on bone 

mass, the picture· is always muddied, since people with lower bone 

mass are usually older or less healthy [9). This perhaps leads to: 

1) an increased number of falls due to lack of reflexes, balance, 

coordination or muscle strength; 

2) loss of protective reactions in the event of a fall (throwing the 

arms out, rolling over) and 

3) less overlying tissue. Younger, healthier individuals would tend 

to have more tis~~ue, especially muscle, over the hip. 

Interestingly, tl1e fact that low bone mass is associated with 

generally poor health could cause an underestimation of the 

dependence of fracture risk on bone mass (9]. An individual with 

decreased bone mass has a higher mortality risk and thus is less 

likely to suffer a fracture. 

A good example of the difficulties intertwined factors present to 

researchers is thE! study of the benefits of exercise in combating 

osteoporosis [1 0]. The presumed mechanism was that exercise leads 

to increased bone mass, stronger bones, and a decreased fracture 

risk. But exerciSE!S can potentially affect more than bone mass. 

Muscles become stronger and larger (overlying tissue factor), 

balance, coordination and strength increase (frequency of falling/ 
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protective reaction factors). Thus in a group which exercises more 

frequently and shows lower fracture incidence, we cannot attribute 

this change solely to bone mass differences that may be present. 

Despite the multiplicity of factors described above, bone mass is 

significantly related to fracture risk [11 ]. However, there is 

sufficient uncertainty to warrant further investigation as shown by 

the scatter in figure 1.3 which compares femoral neck BMD in 

patients with hip fracture to BMC in non-fracture controls [12]. 

Trabecular architecture and bone strength may not be simply related 

to bone mineral density and might be independent estimators of 

fracture risk, as suggested by several studies [13, 14]. 

It is possible for example that "nodal density", or the number of 

trabecular connection points per cm2 (in a 2-D projected image), is a 

quantitative factor which can be used to improve fracture risk 

estimates. A s1 rut structure with a higher nodal density than 

another will be stronger, even if the two are composed of similar 

amounts of ma1 erial. 

Support for this work comes from Mielke et. al. (15) who found 

changes in trabocular bone architecture unrelated to ash density, and 

Kranendonk (16] who found trabecular pattern uncorrelated with bone 

mass. This suggests that bone mass cannot be the sole predictor of 

fracture risk. In a recent paper [17] Jensen et. al. conclude 

"...measured bone mass should not be the sole indicator of trabecular 

bone biomechanical competence (stiffness and stress). It is crucial 

that measurements of bone density are considered in combination 

with a detailed description of the architecture." They cite their own 

previous studies in which they found "...decline in bone 

strength ... much 19xceeded the decline in apparent bone density". 

Another study [ 13] states " ... age-related structural changes other 

than bone mass, affect the vertebral bone strength strongly." A 
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Figure 1.3 
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1.3 

further study (14] has shown that when compressive strength is 

plotted against ash density of a bone, there is a considerable spread 

of values, indicating that other factors determine bone strength 

besides bone mineral. Many years ago, Singh [18] developed a method 

of subjectively !)rading architecture to quantify osteoporotic 

degradation in the proximal femur. This method proved to be 

clinically useful in experienced hands. 

Study Purpose and Design 

This study is designed to illuminate the relationships between 

bone mass, bono architecture, and bone strength. Femoral heads will 

be obtained from hip replacement surgery. Two cores and one thin 

slice will be taken from the bone sample. One core will be analyzed 

to determine its mineral density. The other core will be analyzed to 

determine its mochanical strength. An x-ray of the thin slice will 

be computer ana.lyzed to determine nodal density. From such 

measurements in a number of samples, statistical analyses will be 

used to determine the interrelationships between the three 

variables. Sev•~ral possibilities exist: 

1) Bone mass c:orrelates strongly with Nodal Density (NO). In this 

case, no further information could be obtained from measurements 

of nodal density that is not already provided by measuring bone 

mass. 

2) ND does not correlate well with bone mass or bone strength. In 

this case, measurements of NO would provide no useful information 

in assessing frc:lcture risk. 

3) NO does not correlate well with bone mass, but does correlate 

well with bone strength. In this case, measurements of ND could be 
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used to improve estimates of fracture risk 

If, as seems likely, our in vitro work supports the concept that an 

assessment of trabecular architecture would improve our ability to 

quantitate fracture risk, the question arises as to how architecture 

can be measured in vivo. One recently developed instrument which 

may have this capability is a dedicated X-ray based transaxial 

scanner constructed for measurements at the distal radius (the 

Stratec pQCT sc;anner). This instrument will be used to obtain an 

image of an excised femoral head. An initial assessment of the 

clinical usefullness of the instrument will be made, an important 

step towards developing an in-vivo method of quantitative 

structural analysis. 



2.1 

Chapter 2 


Bone Structure and the Effects of Osteoporosis 


An Introduction to Bone 

Bone, on a macroscopic scale, is organized into two types: 

trabecular (spongy) and cortical (dense). The location and 

distribution of those two types of mineralized collagen are shown 

for the femur in ·.=igure 2.1. 

Cortical bone ·forms the shafts of long bones and the external 

surfaces of all bones. It is composed of many different cylinders 

(Haversian systems or osteons) as illustrated in figure 2.2. "Osteon" 

is defined as the region of mineral-collagen matrix bounded by a 

Haversian canal c n the inside and by a line called a cement line on 

the outside. Materials necessary for bone resorption and apposition 

within each osteon are transported in the canals. The spaces 

between the osteons are filled with lamellar bone, which consists of 

osteocytes distributed throughout the mineral matrix. The 

osteocytes communicate through a number of small canals called 

canaliculi. The space in the collagen-mineral matrix in which the 

osteocyte sits is ,•eferred to as a lacuna. 

Despite the fa~t that eighty percent of the skeletal mass consists 

of cortical bone, in this study we will consider trabecular bone. 

11 
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Figure 2.1 

The Anatomy of a Long Bone 

Showing Locations of Trabecular 
and Cortical Bone 

From "The Anatomy Coloring 
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c. articular carti lage 
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e . trabecular bone and red marrow 
f. cortical (compact) bone 
g . medullary cavity and yellow marrow 
h . nutrient artery 
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Figure 2.2 

Cross and Longitudinal Section 


of a Bone (rib) 
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Trabecular bone is significant to the understanding of osteoporosis. 

Trabecular bone contributes to the strength of bone at common 

fracture loci (ie: vertebral bodies or the proximal femur), so its 

breakdown will result in weaker, more fracture-prone bones. Also, 

changes in bone' metabolism will be manifested first in trabecular 

bone since turnover rates are three times higher in trabecular than 

in cortical bone 1:19] . Thus the important clinical consequences of 

osteoporosis are first evident at bone sites with a significant 

fraction of trabe<:ular bone. It is for this reason that normal 

diagnostic methods measure bone mass in areas with a high 

percentage of Cc1ncellous bone (ie: proximal femur, vertebral bodies). 

Trabecular bone exists at the ends of the long bones such as the 

proximal femur, in the vertebral bodies, and in the majority of the 

flat bones. As shown in figure 2.1, long bones are divided into 

distinct regions by a cartilaginous plate (the metaphysis), which 

occurs near the onds of the bone. It separates the ends or tips of the 

bones (the epiphyses) from the middle portion of the bone (the 

diaphysis). The metaphyseal plate normally disappears after 

maturity. Bone epiphyses are trabecular bone with a cortical shell, 

while the diaphysis consists of a hollow shaft of cortical bone with 

trabecular bone at its ends. This shaft, as well as the spaces within 

the trabecular bone, is filled with bone marrow. 

Haversian systems in cortical bone arise from remodeling of 

lamellar bone by osteoclasts and osteoblasts (section 2.2). In 

trabecular bone, bone remodeling takes place directly on the surface 

of the plates (trabeculae) of the 3 dimensional web. The total area 

for formation an<l resorption in trabecular bone in the skeleton is 

about 10 m2, about three times the value for cortical bone [19). This 

is part of the reason why changes in remodeling activity manifest 

themselves first n trabecular bone. 



2.2 

15 

Trabecular spacings are from 0.5 to 1.0 mm while plate 

thicknesses rangE! from .1 0 mm. up to .15 mm. These figures are for 

healthy bone [201. Figure 2.3 shows trabecular networks in normal 

and osteoporotic bone. Compare the relatively thick plates and 

small inter-plate spacings in the normal bone with their 

counterparts in the "corroded" osteoporotic network. During 

osteoporosis, trabeculae are eliminated by resorption and not 

replaced. This process is an irreversible architectural change. In 

some osteopenic processes the trabeculae become thinner through 

mineral loss but do not disappear. This type of architectural change 

is reversible. 

Growth, Modelling, Repair and Remodeling 

Bones are by no means static organs. Obvious dynamic processes 

are growth and repair in the event of an injury. Healthy bone also 

constantly undergoes a process called remodeling. Growth in length 

of a bone occurs by endochondral ossification [21 pg 7). Growth in 

diameter occurs by deposition of new bone onto the existing 

periosteal bone surface. The endosteal surface of the bone is at the 

junction between mineral and marrow. 

Modelling is defined as a process whereby bones maintain their 

shape during the period of growth. If a bone increases its length 

through growth, then the mineral distribution is altered by 

modelling so that the bone retains its shape. Remodeling is the 

process in which bone mineral is constantly being removed 

(resorbed) and reformed (apposited) even in individuals in whom no 

growth or macroscopic change in the bone is taking place. The 

purpose of remodeling is to allow bone to constantly adapt to 
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Figure 2.3 

Trabecular Networks in Healthy and Osteoporotic 
Bone 

Magnification Xl4.5 
Maceration preparation 
Electron Micrograph 

Taken from Sandoz Publication [20] 

b: Osteoporotic Bonea: Healthy Bone 
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mechanical stre:;ses and to repair microfractures which result from 

these stresses. Although the shape of the bone does not change, the 

trabecular architecture may, which is why this process is of concern 

to us. 

In both cortical and trabecular bone, mineral is constantly being 

resorbed and apposited. Differences in these two rates can cause a 

net loss or gain of bone mass. The rates can be affected by various 

biochemical and mechanical factors in both normal subjects and in 

patients sufferinq from a range of diseases. Simplifying the 

hormonal pictun3, parathyroid hormone stimulates resorption while 

calcitonin suppmsses resorption. The hormonal picture is actually 

incredibly complox. Other hormones, all of which have a hand in the 

regulation of re~;orption and formation of bone, are vitamin D, 

thyroxine, insulin, growth hormone, testosterone, estrogen and 

cortisol. There are also bone growth factors which can exert local 

influences over ·:he rate of bone turnover. Thus there exists an 

extensive variety of biochemical means of manipulating bone cell 

metabolism. Other factors such as mechanical stress, physical 

trauma, or electric fields can affect the rates at which these 

various processt:~s occur. 

The osteogenic cells which are under the control of these 

hormones and urowth factors are 

1) The osteoblast which lays down bone matrix; 

2) The osteoclaHt which resorbs bone and 

3) The osteocyte which has a controversial function involved in 

blood-bone minora! exchanges. 

The rate of bone turnover is estimated to be 3 to ten times 

higher in trabecular than in cortical bone. The presently accepted 
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ICRP rates are 2.so;o and 10% (of existing bone mass) per year for 

cortical and trabecular bone respectively. 

2.3 Mineral Exchange Locations 

Mineral exchange, resorption and apposition must necessarily 

take place at bone surfaces. Thus, this is where we find the 

osteoclasts and osteoblasts, and it is these surfaces that are the 

areas of bone sonsitive to radiation damage. The most obvious 

surface of bone is the periosteal, or outside surface. Other surfaces 

are the endosteal surface (lining the marrow cavities, just inside 

the outer cortical shell) and the sides of the haversian canals. 

Trabecular bone has a very large amount of surface area due to the 

nature of the trabeculae. In lamellar bone, the surfaces are at the 

margins of the bone and along the canaliculi. 

2.4 Crystal Structure 

On the scale of angstrom to micron, the structure of bone is less 

well understood [22). The basic building blocks are plate-shaped 

crystals of hydroxy apatite (Ca5(P04)30H -- referred to as dahlite). 

The other building blocks are collagen fibrils, which link to create 

"frames" on which the mineral crystals deposit. The crystals are a 

few hundred angstroms long and a few tens of angstroms thick. The 

size of these crystals seems to increase with age of the organism 

until maturity, at which time it reaches a plateau [23]. 

The basic building block of the collagenous framework is the 
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2.5 

"triple helical molecule." These are arranged in staggered arrays, 

with channels pr<>duced by the staggering. It is believed that most 

of the crystals fit into these channels. The remaining crystals 

attach outside the fibril. 

Bone generally is composed of lamellae of mineralized collagen 

fibrils. The fibrils within a lamellae are arranged in roughly 

parallel layers. Orientation of fibrils in alternate lamellae vary, in 

the same way that grains in alternate layers of plywood are varied 

to produce a structure of maximum strength. The plywood structure 

is due to the offset in orientation of collagen fibrils in adjacent 

lamellae as well as to the rotation of individual fibrils around their 

own axes. 

Impact of Osteoporosis on Bone Structure 

Osteoporosis affects mainly the endosteal bone surfaces (cortical 

and trabecular) c1nd the inner third of the cortex of the long bones. 

Thus osteoporosis in adults is characterized morphologically by a 

thinning of the cortex, an expansion of the medullary canal (marrow 

cavity), and a thinning and loss of the trabeculae [24 pg 487]. 



Chapter 3 

Materials and Methods 


3. 1 Bone Samples 

Proximal femur samples were obtained from hip replacement 

surgery through the pathology departments of the participating 

hospitals. The samples were of varying size, depending on the 

position of the bn~ak. Usually the whole femoral head was 

recovered, with varying extents of the femoral neck as illustrated in 

figure 3.1. The samples were received in formalin-filled buckets 

(those from McMaster University Medical Centre), or in plastic bags 

containing a small amount of formalin (those from Hotel Dieu 

Hospital, St Cath•~rine's). Twenty-four whole femoral heads were 

obtained for the actual study. A number more were used for 

preliminary experiments. 

To facilitate la1:er cutting, the samples were baked in a small 

oven to remove the marrow. To leave the mineral intact, the baking 

was done at a low temperature (11 0 C). Baking time was 14 hours. 

For some preliminary work, since it was difficult to obtain a 

sufficient number of samples through the hospitals, a number of 

20 
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Figure 3.1 

Right Femur, Anterior Surface 

Taken from C.P. Anthony, N.J. Kolthoff, 

Textbook of anatomy and physiology, 

9th ed., St. Louis, U.S.A., The C.V. Mosby Company. 


Point 

\ 

\ 
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complete femurs were obtained from a commercial supplier1. 

These were alrecldy dry. Because of the unknown preparation 

method, quantitative values from these samples were not 

comparable to the samples obtained from surgery. However, they 

were useful in establishing methods and trends which would apply to 

the other group. 

3.2 Slicing of Femoral Heads 

For purchased femurs only, the head was removed from the main 

shaft by slicing at the femoral neck with a bandsaw. The cut was 

made in the micldle of the femoral neck through a plane perpendicular 

to the axis of the neck. Samples obtained from surgery were already 

broken from the rest of the femur. 

A low speed saw2 was used to obtain the thin slice of bone 

from the head. It was necessary to notch the femoral head for it to 

fit one of the chucks supplied with the circular saw which is shown 

in figure 3.2. The notch was cut on the side of the femoral head in 

such a way that when held by the notch, the bone was positioned 

properly to taket a slice from a vertical plane running through the 

long axis of the femoral neck. The blade was positioned 

1 Osta International 


922 Keil St. 


White Rock, B.C. 


V4B 4V7 

2 11-1180 lsomet Low Speed Saw, manufactured by 


Buehler lnternationcll in Canada Tech-Met Canada Ltd. 


41 Waukegan Roa«1 9999 Highway #48 


Lake Bluff, Illinois Markham, Ont. 

60044 U.S.A. L3P 3J3 
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Figure 3.2 

Specimen 
Chuck 

.· Count e r­
--Balance 

~I Weight 

.., _~fControl 
Specimen 

Arm---... 

. ­

Figure 1. - 11-1180 ISOMET' " LOW SPEED SAW 
(with Standard Accesso ries) 
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approximately at the centre of the head for the first cut. The 

position of the micrometer blade was noted and the cut made. Since 

the radius of the blade was not enough to remove the section, it was 

necessary to turr the sample 180 degrees to finish the cut. This 

was accomplished simply by loosening the chuck mount bolt and 

rotating. In this manner, the first cut was completed, allowing the 

half of the femur not held by the chuck to fall away. The bone was 

shifted 3.5 mm using the micrometer, and a second parallel cut made 

in the same manner to give a 3.5 mm thick cross-section of bone. 

Figure 3.3 shows the positions of the cores and the 1 em slabs from 

which they were taken, as well as the position of the thin X-ray 

slice. 

3.3 Taking the X-ray 

A contact X-rclY was taken by placing the cut section on high­

resolution film3 in a Faxitron model 805 x-ray machine4. Trial 

and error showed the best resolution was given using 50 kVp for 30 

seconds. Standard processing was done using the Kodak processor 

located in the Dept. of Nuclear Medicine, MUMC. 

3 Kodak EctaScan Type 8 EB-1 Cat. #1981810 


Eastman Kodak CompctnY 


Rochester, N.Y. 14550 


U.S.A. 
4 Faxitron 805 Radiographic Inspection System 

Field Emission Corpc ration 

Melrose Avenue at Linke Street 


McMinnville, Oregon, U.S.A. 97128 
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Fi.gllt"e 3. 3 

Fbsitirn arrl <Xientatirn of Slia:s/Cbres 

a: Side View b:Top View 

c: Top View 
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Obtaining Cores for Crushing or Ashing 

A coring drill bit of 1.25 em (1/2 inch) bore satisfied the 

constraints of be1 ng large enough to obtain a core of measurable 

value on the materials testing machine while being small enough to 

obtain several cores from one femoral head when necessary. 

A slab of bon13 from which the core was taken was removed from 

the femoral head by making two parallel cuts 1 em apart (using the 

lsomet saw as in section 3.2). The cuts were made perpendicular to 

the axis of the fe1moral neck. The core was taken through the cut 

ends of the slab (in the direction of weight-bearing). This gave a 

core of one centimetre in length and 1.25 em diameter with parallel 

end faces. The latter condition is necessary for proper testing in 

the hydraulic pre:ss (section 3.6). Cores of trabecular (as opposed to 

cortical) bone were taken. The location of the core and the slice it 

was taken from is shown in figure 3.3. 

3.5 Ashing a Core 

The length of the core was measured with vernier calipers. Core 

lengths ranged from .98-1.01 em, confirming that the micrometer 

arrangement on the lsomet saw was accurate. Nevertheless, the 

length of each cc,re was measured and the caliper reading used as the 

"true" value rather than assuming all to be exactly 1 em long. The 

calipers were again used to confirm the core diameter to be the 1 .25 

em bore diameter of the drill bit. This dimension was found to be 

accurate within .005 mm in all cases, so 1 .25 em was used as the 

"true" value. Knowing the dimensions of the core, its volume could 

be calculated. The core was weighed. This is the wet weight of the 

bone sample. 
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The core was ashed in a nickel crucible in a muffle furnace for 48 

hours. The first 24 hours were at 475°C, the second 24 hours at 

650°C. This should have been enough time to assure that the 

samples were completely ashed. At the end of the ashing period, the 

oven was turned off and opened, and the samples allowed to cool for 

one hour in the oven. This period of cooling was sufficient so that 

the samples could be handled. The samples were then allowed to 

cool outside the oven for an additional 15 min. This lag time 

assured that the crucibles regained any adhering water they might 

have lost. This allowed us to safely assume the change in weight 

measured was due to changes in the bone rather than to changes in 

the crucible. 

At the end of the final 15 minute cooling, the samples were 

weighed. Subtracting the weight of the empty crucible from the 

final gross weight gave the final weight of the bone ash. The ash 

weight over the originally measured volume of the sample was the 

ash density of the core (calculated in g/cm3). 

3.6 Determining the Failing Strength of a Core 

A core from a standard position/orientation in the femoral head 

was crushed using a Lloyd's material testing instrumentS. 

The Lloyd's machine is a computer-linked hydraulic press. The 

sample is placed in the press, and the sample compressed at a preset 

5 Lloyd Instruments Ltd. in Canada: Omnitronix 

7 Whittle Ave. #1-2180 Dunwin Drive 

Segensworth West Mississauga, Ont. 

Fareham Hants LSL 1C7 

P015 SSH England 
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rate (set in mmh;). The force exerted by the press is measured by 

the system and plotted against the deflection. As the sample is 

compressed mor~9 and more the force builds up, until the point at 

which the core ·fails. At the point of failure, the compressive force 

exerted by the press is a maximum. This value is referred to as the 

maximum compr9ssive strength. Figure 3.4 shows the results of a 

typical run on the Lloyd's press. In this case the maximum 

compressive strEmgth was 1120 N. 

It is important for the sample being measured to have plano­

parallel ends. This ensures that the sample is subjected to 

compressive forees only and not shear forces. This condition was 

met by preparinq the samples as discussed in section 3.4. 

As there is e1vidence that measured maximum load strength 

depends on the rate of compression [25], this rate was standardized 

at .5 mm/min fl)r all tests. 

The failure load for compression, tension, or shear force is given 

by 

(3.1) 

Where Lt is the failure load, crt is the material strength (the sample­

specific property we are trying to compare), and A is the cross 

sectional area of the sample [26]. Since we have standardized A by 

using cores of the same size, Lt is a function of crt only. The failure 

load should not theoretically be dependent on the length of the 

sample, but thi:; parameter was standardized as well. 

Other information is available from the graph in figure 3.4. 

Young's modulus is defined as 

F 
y = A = stress 

dL strain 
Lo (3.2) 
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Figure 3.4 
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where F is the applied force, A is the cross-sectional area of the 

sample, ~L is the change in length of the sample, and L0 is the 

original (undeformed) sample length. Since the slope of the crushing 

curve is F/~L, Yeung's modulus is obtained by multiplying it by a 

factor L0/A. The slope used to calculate Young's modulus is from the 

linear part of the buildup phase of the crushing curve. 

Another variable that can be determined from the compression 

curve is "work tc, failure", which is the integral of the load­

compression curvt3. This integral is the area under the curve up to 

the point of failure. 

The three variables discussed above, maximum compressive 

strength, Young's modulus, and work to failure, were determined for 

each bone. All ~~ were analyzed for their correlations with ash 

density and connectivity since it was unknown which best 

represented bone strength in the sense of resistance to fracture. 

3.7 Quantit:ttive Trabecular Analysis of X-rays 

The final goal of obtaining a high-resolution x-ray of a thin slice 

of femoral head was to quantitatively analyze the trabecular 

structure. This analysis was done on an existing system at 

MUMC6. There are many parameters of a trabecular network that 

could be quantitated. Mean thickness or length of trabeculae, 

directionality of t~,e system, mean spacing between trabeculae, as 

well as more complicated secondary parameters could all be 

analyzed. Dr. Ar::;enault's system was originally set up to quantify 

the number of nodes, or points where trabeculae connect, in a 

The image analysis system used was put together by Dr. L. Arsenault in the Electron 

Microscopy Department. 

6 
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trabecular network. Since this variable has been used by previous 

architectural rese!archers [27, 28, 29), it was used in this study. 

The femoral heads used varied in size and it was necessary to 

normalize for the area of the image. Therefore the quantitative 

value used is no1 simply the number of nodes, but the number of 

nodes per unit area. Area was measured in pixels. Only relative and 

not absolute values were needed. Since all images were analyzed 

under the same magnification it was unnecessary to convert pixels 

to a metric value!. Under the magnification used in this project, 

there were apprc,ximately 12 pixels per square mm. 



Chapter 4 

Preliminary Experiments 


To have confidence in the measured ash weight of a core, the 

effects oi several variables had to be determined: 

1) Does the container (nickel crucible) change weight during the 

ashing process? If this change is more than a few percent of the 

change in weight of the bone itself, it will have to be taken into 

account. 

2) How long mu::;t the samples be baked to burn off all the marrow? 

3) How much does bone density vary through the femoral head? How 

critical is standardization of positioning of the cores? 

Questions 1 8.nd 2 are addressed in section 4. 1. Question 3 is 

addressed during preliminary strength testing work in section 4.2. 

4.1 Ashing of Cores 

It was thought that the crucibles may change weight during the 

ashing process. Small amounts of water, dust particles, or skin oil 

from handling cc uld be removed during ashing. The ash weight of the 

samples was me~asured inside the crucibles. Thus a change in 

crucible weight ~~ould cause errors in measured ash weight. 

32 
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To determine the weight change of the crucibles during the 

heating process, they were heated empty at the same temperatures 

and for the sam9 time as for ashing samples. The initial weight of 

the crucible was, compared to its weight immediately after the end 

of the heating P•~riod. This procedure was repeated twice on a set of 

two crucibles. This data is shown in table 4.1 a. In both trials, the 

crucibles were weighed ten minutes after the oven was turned off at 

the end of the ctshing period. It was necessary to wait ten minutes 

in order to allow the crucibles to cool enough to be handled safely. 

In trial 1, the crucibles were allowed to cool in an unopened oven. In 

trial 2, the oven was opened immediately when it was turned off to 

allow a more rapid cooling. This difference is evidenced by the 

measured weight loss in trial 2 being much lower than in trial 1. 

This is due to the crucibles in trial 2 cooling more, and thus 

regaining much of the water, and thus original weight, that they had 

lost. 

To know if the weight loss of the crucible is significant relative 

to our measurecl value (ash weight), we must know a typical ash 

weight. To caiGulate this, the crucibles were heated again, this 

time with a sample inside. It was assumed that the crucible did not 

change weight Uhis error was ignored for the time being). The 

sample weight was calculated from the gross weight by subtracting 

the initially-measured weight of the crucible. Again, weighings 

were done 1 0 minutes after the end of the ashing period to allow for 

safe handling. Three trials were done, each time using two samples. 

This informatior, is presented in table 4.1 b. 

Table 4.1 shows that the smallest ash weights can be around 

0.15g, and the largest changes in crucible weight around 0.05g. An 

error of this magnitude introduced by changes in crucible weight is 

unacceptable and must be lowered. Therefore we must address the 



34 Table 4.1 

a: Weight Change of Nickel Crucibles During Ashing 
Procedure 

b: Weight Change of Bone Sample 

4.1a: 

___crucible Initial (g) After heating (g) Weight Loss (g) 

Trial1 
1 

') 
~-

36.6314 

36.9772 

36.5750 

36.9390 

.0564 

.0382 

Trial2 
1 

'> 
~-

36.6323 

36.9772 

36.6233 

36.9672 

.0090 

.0100 

4.1b: 

Sample Initial (g) After heating (g) Ash % of Wet Weight 

Trial 1 
1 

2 

.3770 

.4760 

.2160 

.2660 

57.3 

55.9 

Trial2 
1 

2 

.4295 

.3748 

.2649 

.2301 

61.7 

61.4 

Trial 3 
1 

2 

.2538 

.4325 

.1552 

.2707 

61.1 

62.6 
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question of how long the crucible must be cooled to regain its 

original weight. 

The crucibles were again heated empty for the standard times and 

at the standard temperatures. The weights of the empty crucibles 

were measured every three minutes for approximately 1 hour after 

heating. Figure 4.1 shows how the crucibles regain their mass as a 

function of time. At the end of the hour, measuring was stopped 

because the weights seemed to have stabilized. To confirm this 

stability, the cru~ibles were weighed again 2 days later and found to 

weigh the same as at the end of the hour. 

It was of interest to know how a sample would change weight 

during this cooling period. Thus, the procedure used to produce 

figure 4.1 was repeated, this time with samples in the crucibles. 

This information appears in figure 4.2. The results are similar, 

except that this time the weights were not quite stabilized after 

one hour. 48 hours later the samples had increased an additional 

.001 Og from the last weighing. 

This information indicates that a cooling period of one hour after 

ashing is sufficient to almost eliminate weighing errors due to 

crucible weight :hange. As long as the cooling time is standardized, 

further changes in sample weight will not affect the legitimacy of 

the results for use in relative comparisons. 

To see if tho samples were completely ashed, two trials were 

conducted in wt1ich the samples were baked a second time. If 

complete remo'llal of all non-mineral material had occurred in the 

first baking, no further weight change should be seen the second 

time. The ash lost only 0.5% of its weight when heated a second 

time. Again, this is barely significant. In terms of affecting the 

legitimacy of tt1 e ash weights for relative comparisons, this is not 

an issue, as long as the first ashing has been properly standardized. 
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Figure 4.1 
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Figure 4.2 

Weight Change of Crucibles and Samples 
With Time During Cooling Period 
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4.2: Measuring the Crushing Curve 

To legitimize this quantitative comparison, it must be 

determined whether the crushing strength of one small core can be a 

representative value for the whole femoral head. Therefore we must 

find out how crushing strength varies with position in the head, with 

the eventual goa.l of finding a position suitable for a "standard" core. 

The strength of this core could be used to compare strength from 

sample to sampl~~. 

Thus a test was done using 5 (commercial) femoral heads. Four 

slices were taken from each head, each slice of approximately 1 em 

in thickness. The slices were numbered from 1 nearest the tip of 

the femoral head to 4 nearest the femoral neck. The position and 

orientation of these slices is shown in figure 4.3. From each of 

these slices, a nLJmber of different cores were taken using the 1.25 

em bore drill bit. The position of each core is denoted using 

standard anatomieal nomenclature7. Each core was weighed and 

its dimensions measured using vernier calipers. From this its 

densityB was calculated. Then, each core was crushed to produce 

its crushing curv,~. 

Using the den:sities, strengths, and positions of the cores, a 

crushing and density profile was determined for each femur. Figures 

4.4 to 4.8 are tho density profiles. Variation in dry bone density 

should be a reasonable approximation of variation of ash density, as 

7 Inferior/Medial/Superior refers to vertically varying positions in a standing 

subject. Ventral/Medial/Dorsal refers to horizontally varying positions (horizontally 

from back to front), again in a standing subject. 
8 Note that this is not an ash density, but rather the density of the dry bone of the 
commercial femur. 



39 

Figure 4.3 

Position and Orientation of Slices 
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Figure 4.6 

Density Profile for Femur 5 
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is evidenced by table 4.1 b. Note that the ash 0/o of dry bone is quite 

stable, varying less than 7°/o. 

Figures 4.9 to 4.13 are the maximum compressive strength 

profiles. Work-to-failure and Young's modulus are so highly 

correlated to maximum compressive strength that their profiles 

should be analogous. 

From the profiles, we can see that spatial variations in strength 

and dry bone density are not exactly the same from sample to 

sample. HowevEtr, in every case slice 3 seems to give the most 

predictable value~s relative to other slices in the same sample. 

Therefore we used cores from slice 3 to give values for ash density 

and crushing strength representative of the sample from which they 

originate. For purposes of standardization, the core for crushing 

strength measumments was taken from the anterior part of the head 

and the core for ash density measurement from the posterior half in 

each case. Both samples were taken from a medial position in the 

vertical (superior-inferior) dimension. 

4.3 Quantifying Architecture: 

We are necessarily dealing with a two-dimensional projection (X­

ray) of a three dimensional system (the trabecular network). To 

produce numerical results which can be compared relatively, a 

standard slice thickness was selected to eliminate errors due to 

projection effect~; (false nodes9). It must be emphasized that the 

results only havo relative legitimacy. The numbers are not accurate 

in an absolute sonse, as the effect of false nodes has been 

standardized rat:ter than determined. 

9 False nodes are apparent cross-points resulting from two trabeculae, unconnected 

in 3-space, projecting or1to one another in 2-space. 
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Since this technique is new, a preliminary study was done to see 

if differences from head to head (inter-sample differences) were 

larger than differences from slice to slice in the same sample 

(intra-sample differences). This condition is necessary if the value 

is to have any actual meaning in distinguishing heads. 

Analysis of 2 slices each from 5 femoral head samples (obtained 

through patholo£1y rather than commercially) were taken. The two 

slices were taken in a transverse plane close to the centre of the 

femoral head. The samples were from locations 3.5 mm apart (the 

slice width). These samples were analyzed as discussed in section 

3.7. 

The average difference between slices from the same sample (or 

intra-sample variation) was 8.5 X 1 o-4 n/p. Standard deviation of 

average values from sample to sample (or inter-sample variation) 

was found to be 25.1 X 1 o-4 nodes/pixel, almost three times larger 

than the intra-sample difference. The inter-sample variation would 

certainly be much higher if the same measurements could be done on 

a more varied study group. Such a group would include samples from 

young, healthy Bubjects as well as from elderly, fractured subjects 

which were all that was available in this case. In a more varied 

population, the inter-sample variation would certainly be much 

higher than the intra sample variation. 



5.1 

Chapter 5 

Final Experimental Results and Conclusions 


lntrodw::tion 

After months of collecting, 29 intact femoral head samples were 

available for thi~; portion of the study. It was not possible to obtain 

the necessary cores and slices from 5 of these (numbers 4, 6, 9, 24 

and 26) since they were too small. Thus these 5 were omitted. This 

bias should not jeopardize the validity of the study results. We can 

surmise that these smaller bones would have been weaker and less 

dense. They would likely have provided points on the lower end of 

the graphs. WE! do not expect that they would deviate from the 

trends we saw. Thus, the omission is only unfortunate in a 

statistical semie. 

Twenty-four samples appear in the results. All these samples 

come from the pathology departments of either MUMC or Hotel Dieu. 

They have all been excised, stored in formalin, and baked (see 

section 3.1) to facilitate cutting. No commercial femurs were used 

for this portion of the study since they were dry as opposed to 

formalin-stored. Numerical comparisons of strength or density 

between the two groups would be invalid due to these differences. 

All procedums for obtaining cores and slices are the same as 

described in chapter 3. 

52 
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5.2 Results 

The data obtained from the 24 samples appears in table 5.1. The 

matrix of linear correlations for the same data is given in figure 5.2. 

What are the statistical significances of differences between r 

values? For elCample, is the difference between r = .67 for strength 

vs. ash density statistically different from r = .49 for strength vs. 

connectivity? The 95°/o confidence interval for the former is .45 to 

.89, for the lattElr .34 to .65. Thus, we cannot confidently say that 

these two results are meaningfully different. However, looking at 

the difference between r values for the relationship between 

connectivity and ash density (r = .34, 95% Cl .16 to .52) and work­

to-failure vs. ash density (r = .78, 95% Cl .70 to .86), we can 

definitely say that these two values are statistically different. 

The relatiom;hip between connectivity and strength is shown in 

figure 5.1. Linoar regression gives the equation 

connectivity = 1.65*strength + 0.064 (5.1) 

with a coefficient of deviation of 0.24. A log-log plot of the two 

variables did not improve the fit. 

Figure 5.2 shows the relationship between connectivity and ash 

density. In thi:s case, linear regression gives 

connectivity = .008*density + 0.063 (5.2) 

with a coefficient of deviation of 0.11. Again, changing to a log-log 

scale did not improve the coefficient of deviation. 

Figure 5.3 is a log-log plot of maximum compressive strength vs. 

ash density. Linear regression gives the best-fit line 



54 Table 5.1 

Final Test Results 

Sample Strength Young's 
N/m2 

Work to F Connect. Ash Den. 
Newtons N-m Nodes/Pixel g/cc 

1 1 405 1.14 .076 6.66 .207 
2 2 1950 7.13 .353 6. 76 .471 
3 3 670 2.86 .095 5.99 .205 
4 5 710 2.91 .137 6.63 .269 
5 7 1130 3.72 .248 6.28 .419 

6 8 :l350 B.84 .482 7.07 .424 
7 1 0 650 2.44 .140 6.56 .371 
8 1 1 240 .80 .120 6. 70 .1 94 
9 12 315 5.18 .279 6.65 .449 

10 13 657 2.21 .163 6.22 .248 
1 1 14 1440 5.85 .300 6.69 .293 
12 15 805 3.52 .1 21 6.56 .225 
1 3 16 1180 4.93 .218 6.47 .323 
14 17 350 1.10· .081 6.59 .211 
15 1 8 1320 4.09 .380 6. 76 .245 
16 19 2970 10.71 .520 6.80 .431 
17 20 385 .97 .092 6.17 .183 
18 21 1060 2.10 .335 6.37 .425 
19 22 444 1.20 I .1 03 6.23 .218 
20 23 135 .57 .028 6.39 .200 
21 25 530 1.42 .122 6.68 .205 
22 27 140 .79 .025 6.56 .115 
23 28 425 1.18 .088 6.51 .262 
24 29 1110 5.31 .154 6.56 .296 

Strength = Maximum Compressive Strength Work to F = Work to Failure 
Young's = Young,. s Mc,dulus of Elasticity Connect. = Connectivity 

Ash Den. = Ash Density 
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Table 5.2 

Correlation Matrix for 

Final Test Results 

L1near Regression 

Correlation Matrix for Variables: X1 ... Xs 

connect. Strength Ash Den. Young's Work to F 

Connect. 1 

Strength .492 

Ash Den. .337 

Young's .536 

Work to F .534 

1 

.674 1 

.928 .726 1 

.899 .782 .871 1 
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Figure 5.1 

Connectivity vs. Strength 
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Figure 5.2 

Connectivity vs. Ash Density 
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Figure 5.3 

ln-ln Plot of Strength vs. Ash Density 

It) 

0 
Oo 

0 

0 

0 0 

0 

0 

0 

0 

It) ..... It) 'CO It) 

0 

0 
It) 

ClO 

>.-·u; 
c::: 

-.;ta> 
·0._ 
• .s= 

1/) 
<(-0 

'CO­
• .2$. 

~c:::·­

co 
._. 

(\1 

It) (\I.. 
ClO ..... 'CO It) -.:t 

(N) ljl6U9JlS ~0 (x)UI 



59 

strength = 1.62"'density + 8.614 (5.3) 

This logarithmic plot gives a better fit (r2 = .52) than a linear plot 

of the same variables (r2 = .46). This suggests that the relationship 

between maximum compressive strength and ash density suits a 

power law proportionality with an exponent of n=1.62, ie: 

strength a density" (5.4) 

Figures 5.4 and 5.5 are log-log plots of Young's modulus vs. ash 

density and work to failure vs. ash density respectively. Similarly, 

log-log plots give better fits than their respective linear plots. r2 

values improved from 0.53 to 0.59 and from 0.61 to 0.69 for figures 

5.4 and 5.5 respectively. Linear regression of figure 5.4 gives 

Young's modulus = 1.78"'density + 21.652 (5.5) 

and figure 5.5 gives 

work to failure= 1.82"'density + .475 (5.6) 

which correspond to n = 1. 78 and n = 1.82 in equation 5.4. 

Residual analysis of the data was done, where residuals from the 

log-log plot of work-to-failure vs. ash density were plotted against 

connectivity. This graph is shown in figure 5.6. Regression analysis 

r2gave an of 0.07 4 for the equation 

residual = 49.9"'connectivity + 3.26 (5.7) 

Figure 5.7 is the result of an attempt to see if connectivity 
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Figure 5.4 

Log-log Plot of Young's Modulus 
vs. 

Ash Density 
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Figure 5.5 

Log-log Plot of Work-to-Failure 

vs. 

Ash Density 
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Figure 5.7 


ln(work-to-fai lure> 

versus 


combined connectivity and ash density 
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values could be used to improve prediction of bone strength from ash 


density, the following procedure was followed: 


1) ash density and connectivity were scaled to the same mean value, 


2) the logs of these two scaled variables as well as work-to­


failure were taken, 


3) The logs of scaled connectivity and ash density were added and 


the result called Xval, and 


4) The log of work-to-failure was plotted vs. Xval. 


Linear regression of figure 5.7 gave 

ln(work-to-failure) = 1.78"'Xval + 2.63 (5.8) 

r2with an of 0.71. 

5.3 Discussion 

Optimum correlations for the mechanical parameters were 

obtained with linear plots when connectivity was the independent 

variable and with logarithmic plots when ash density was the 

independent variable. 

It was noted that there was only a small variation in the 

connectivity values, which ranged from .060 to .071 nodes/pixel 

with a standard deviation of 0.002 and a coefficient of variation of 

3.7 °/o. Compare this with coefficients of variation of 35.6 % for ash 

density and 80.1 °/o for maximum compressive strength. Subjects 

from whom these samples were obtained ranged in age from 42-84 

years. The age standard deviation was 9.1 years and the coefficient 

of variation 13.12 °/o. The study group was further specified by the 

fact that all individuals had fractures of the proximal femur serious 
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enough to warrant replacement surgery. It would be interesting to 

know if samples from a more varied population (ie: younger, 

healthier, unfractured subjects as well) would show a greater range 

of connectivity values. Could it be that all connectivity values seen 

are very low if compared to the value for a young, healthy subject? 

In this case connectivity could indeed be a good indicator of fracture 

risk. 

The result shown in equation 5.4 agrees reasonably well with the 

findings of Carter and Hayes [25] who found a coefficient of 2.0 

rather than 1.6 when plotting maximum compressive strength 

against ash density. Their testing method was slightly different, in 

that the bone core was contained in a rigid cylinder during crushing. 

The work-to-failure and Young's modulus data gave coefficients 

closer to 2.0 when plotted against ash density. 

What are these results saying about relationships between 

connectivity, ash density and bone strength as quantified in the 

three different ways? 

Table 5.2 gives the linear correlation matrix for the strength and 

structure variables. Note that the correlations between maximum 

compressive strength, Young's modulus, and work-to-failure were 

extremely high (r = 0.87, 0.90, and 0.93). This is expected since all 

three are measures of the physical resistance of the same bone core. 

The weakest correlation was between ash density and connectivity. 

This is an important result since it implies that connectivity 

(architecture) is not totally dependent on bone density. The fact 

that architecture can vary independently of bone mass leaves open 

the possibility that it is an independent determinant of bone 

strength. 

Ash density and connectivity were generally best correlated with 

work-to-failure (r2 = 0.69 and 0.29 respectively). Young's modulus 
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correlated almost as well (r2 = 0.59 and 0.29). Of the parameters 

obtained from the crushing curve, maximum compressive strength 

gave the weakest correlation with connectivity (r2 = 0.24) and ash 

density (r2 = 0.52). Since we do not know which of the crushing 

curve variables is the most significant in predicting resistance of a 

bone to fracture, we must consider all three, not weighting one more 

than another. 

The final goal of the thesis was to address the question of 

whether connectivity is an important factor in determining bone 

strength. Correlations between connectivity and the three bone 

strength variables were weaker than correlations between ash 

density and these variables. Thus, if we had to choose just one 

variable to quantitate bone strength, ash density is a better choice 

than connectivity. But as is shown by figure 5.7, a slight 

improvement (r2 increases from 0.69 to 0.71) in predicting bone 

strength (as measured by work-to-failure) can be made by 

introducing an architectural factor. 

Although the correlation of connectivity to the three crushing 

curve variables was quite weak (r2 = 0.24 to 0.29), they were better 

than those between connectivity and ash density (r2 = 0.11 ). This 

implies that connectivity is relatively independent of bone density 

and may have some independent predictive value in determining bone 

strength factors. 



Chapter 6 
pQCT: Towards an In-Vivo 
Architecture Measurement 

All work in this chapter was done on a newly-installed Stratec pQCT 

scanner system at Dr. J.D. Adachi's office at 

Hamilton Osteoporosis Clinic 

25 Charleton Ave. E. 

Suite 501 

Hamilton, Ont. 

6.1 An Introduction to pQCT 

pQCT (Peripheral Quantitative Computed Tomography) is a 

recently developed in-vivo method of measuring a bone mass. The 

only currently available commercial machine is produced by 

Stratec10. Figure 6.1a shows the machine. The patient is seated 

comfortably with her arm inserted into the source/detector ring. 

The length of the forearm has already been measured between the 

Stratec In North America 

Medizintechnik Norland Corporation 

Gewerbestrabe 11 Norland Drive 

D-7534 Birkenfeld 2 Fort Atkinson, Wi 53538 

West Germany U.S.A. 
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Figure 6 . 1 a and lb 

la The pQCT System 

lb The Rotate/Translate Mechanism 

J.a 

lb Rotate-translate fan-beam tomography system 

scout-view translation rotation 
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proximal tip of the radius and the lateral epicondyle at the distal 

end of the ulna. This measurement is used to set the arm restraining 

mechanism to a patient-specific length. 

Figure 6.1 b shows the rotate/translate mechanism which allows 

the pQCT scanner to take both conventional x-rays (translate) and CT 

images (rotate). The machine first takes a standard 2-D projected 

x-ray of the distal region of the forearm. This is known as the 

"scoutscan". The initial arm positioning procedure ensures that the 

scoutview will contain the region of interest; that is, the end plate 

of the radius and the region proximal to this. From this image the 

position of the plate at the distal end of the radius is marked by the 

operator. The computer then measures proximally along the radius a 

distance which is 4 o/o of the length of the previously measured 

length of the subject's forearm. It is here that the CT slice, which 

provides the quantitative information, is taken. The CT slice is 

taken using the system's rotate capability. 15 different 

transmission views of the arm are taken around 360° (24° between 

each scan). The computer pieces together these 15 views into a 

filtered back projection image showing a "transverse slice" of the 

radius, ulna, and soft tissues. A typical image is shown in figure 

6.2. Landmarking using the end of the radius is an important feature 

of this system since the ability to relocate the slice in the same 

anatomical position will be the primary determinant of 

reproducibility. Some of the manufacturer's specifications for the 

system are given in table 6.1. 

The "peripheral" in pQCT refers to the bones being scanned, which 

are part of the peripheral, as opposed to the axial, skeleton. The 

forearm has a high bone-to-soft tissue ratio (as opposed to the 

abdomen or hip), and is relatively radioinsensitive. Thus good 

resolution can be obtained at a low dose equivalent to the patient 
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Figure 6.2 


A Typical pQCT Measurement 
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Table 6.1 

Manufacturer's Specifications for 


The pQCT System 


The scanning site is determined precisely before the CT-scan is 
started by means of a scout scan of the distal forearm. After 
positioning the CT -cross-sectional plane, the rotate-translate 
procedure is started to generate the absorption-profiles for the 
computed tomogram. 

A special ultra-stable x-ray tube is used to generate an x-ray 
fan beam. 

The detectors are equipped with a newly-developed array of 
semiconductors. The use of an arry significantly shortens the 
scanning time. 

Internal operation of three axes of movement as well as 
simultaneous data processing is controlled by means of 
microcontrollers. 

Performance Specifications 

Scan Site Forearm - distal radius 

in vivo Precision Trabecular: +3 mg/cm3; Total: ±5 mg/cm3: 

Accuracy 
Dose 

Leakage Radiation 
Spatial Resolution 
Scan Time 

Cortical +9 mg/cm3 
Within 20fo 
CT Scan - 3 mR (.03 mSv) typical 
Scout Scan - 3 mR (.03 mSv) typical 
< 1 mR/hour (.01 mSv/hour), only during sc
B = .59 mm (Voxel size); A = .689 mm 
2.5 minutes - Scout Scan 

ans 

2.5 minutes - CT Scan 
Procedure Time 
Conditions of 

Operation 

Typically less than 15 minutes 
45 kV X-Ray Tube Voltage; <.3 rnA X-Ray Tu
Current; 2.5 mm Section thickness; >5 mm 
Filtration; 5 minutes exposure (Scout scan 
plus CT scan) 

be 
AI 

continued••. 
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Technical Details 


1 . Detector Unit 	 - 6 semiconductor detectors with amplifiers 

2. 	x-ray tube (XCT) High Voltage 45 kV 
Anode Current < .3 rnA 
Mean x-ray energy 38 keV 
Width of energy beam 8 keV (FWHM) 
(after filtering) 

3. 	Scanner - Linear scan path: 120 mm 
Mechanics - Translation-Rotation fan beam principle 

- Scan time: 8s 

- Range of Angulation: 180° 


- Rotation around Centre: 200° 
- Position shift speed: 6°/s 
- Axial movement ( > scout view <) 
- Maximal length of path: 50 mm 
- Speed: 3 mm/s 
- Interface for positioning: V .24, 9600 Bd. 
- Central Gantry opening: 120 X 200 mm 
- Weight: approx. 90 kg. 
- Power Supply: 220/11 0 V, 50-60 Hz, 80 VA 
- Base 560 X7 40 mm mobile unit with 2 brakes 
- height 1250 mm 

4. Computer System 	 - 32 bit computer (with 80386 or 80486 
processor and math coprocessor) 

- 1 MB RAM memory minimum 
- VGA color graphic card and 14" color monitor 
- 110 MB hard disk 
- 1.4 MB floppy drive 3.5" 
- two V.24 interfaces for control unit/scan 

data transfer and connection to central 
computer 

- color printer or laser printer 
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(.06 mSv or 6 mR for both scout scan and CT scan as stated by the 

manufacturer). The volume of tissue irradiated for the measurement 

scan is a slice of thickness 0.7 mm. Compare this to a DPA hip scan 

which gives a similar dose equivalent to a larger volume of tissue 

and provides less information. 

It is the radius, as opposed to the ulna that is used for 

quantifying the bone density. The effect of physical activity upon 

bone density is considered to be minimized by using the non­

dominant arm. 

From the linear attenuation coefficients measured by the 

machine, bone density is calculated at each pixel and a color picture 

(a "density map") produced. Density is expressed in mg/cm3. The 

transverse slice view of the radius allows the cortical shell and 

inner trabecular mesh to be separated and analyzed independently. A 

weighted mean bone density for each is calculated, as well as an 

overall weighted mean (see figure 6.2). Trabecular bone densities 

seen in this study ranged from 50-325 mg/cm3. Cortical densities 

ranged from 250-781 mg/cm3. Total (weighted mean) values ranged 

from 140-550 mg/cm3. Thus more information can be obtained than 

from a standard two-dimensional projection method such as DPX, 

where the measured bone mass represents the amount of mineral at 

the measurement site irrespective of whether it is trabecular or 

cortical. 

It is hoped that the image provided by the pQCT scanner can be 

used to quantitatively analyze the trabecular network in the same 

way as the high-resolution in-vitro bone slice x-rays. 

6.2 Testing the pQCT System 

This being a new system, it was considered important to address 
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four questions: 


1) How reproducible are the measurements with the system used in 


this study? (The manufacturer states greater than 1°/o 


reproducibility in-vivo) 


2) Is handedness significant to the measurements? 


3) Do measurements in the forearm (pQCT) correlate with 


measurements in the hip or spine (DPX) 


4) Might additional information be available from the distinction of 


trabecular from cortical bone? 


To answer question 1, eight subjects were scanned more than 

once. The subject's arm was repositioned for each measurement. 

The results are given in table 6.2. There is one apparently 

anomalous result. The scans of subject 6 cannot be validly compared 

as inaccurate landmarking has meant that the two measurements are 

at slightly different locations. It is interesting that while cortical 

values are very different between the 2 scans, total and trabecular 

values agree. How is this possible in light of the fact that total 

values are averages of cortical and trabecular? The answer is that 

different areas of bone have been scanned in each case. Thus 

weighting factors for cortical and trabecular components used in 

calculating the total result would not be the same. 

Besides this result, mean coefficients of variation were between 

1.5 and 1.8°/o. The data suggests that reproducibility improved as the 

operator became more experienced. These mean values may 

therefore be slight overestimates for a rigorous, experienced 

operator. Most of the variation probably arises from slight 

differences in the position of the image slice from trial to trial. 

This error could be reduced by having the same operator perform all 

measurements, as there is a small amount of subjectivity in 

selecting the landmark (end plate) from the scoutscan image. Error 
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Results of Reproducibility Testing 


Reproducibility has been expressed as the 
coefficient of variation (CV) 

Subject Total Trab tort tU Tot tU Trab tU tort 
m;J/cc mg/cc JD3/CC 

1 1 391.0 195.5 564.4 4.8 1.0 5.2 
2 1 429.9 192.1 625.7 • • • 
3 1 417.9 195.2 605.5 • • • 
4 2 475.3 193.1 693.6 1.5 3.5 .2 
5 2 465.2 183.7 695.2 • • • 
6 3 481.6 160.2 750.8 1.8 .4 1.5 
7 3 469.4 161.2 735.0 • • • 
8 4 542.8 320.3 584.8 1.2 1.3 .8 
9 4 552.4 326.4 591.2 • • • 

10 5 441.2 258.8 528.5 2.2 2.5 1.6 
1 1 5 427.7 249.7 516.8 • • • 
12 6 528.1 280.6 781.1 .9 .8 18.2 
13 6 521.5 277.4 603.3 • • • 
14 7 441.4 244.5 551.0 1.4 2.3 .7 
15 7 429.3 234.3 546.7 • • • 
16 7 435.0 242.7 542.9 • • • 
17 8 448.2 249.7 610.2 .6 .4 .9 
18 8 444.4 251.0 602.5 • • • 
19 mean • • • 1.8 1.5 3.6 
20 mean* • • • • • 1.6 

* excluding subject 6 
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stemming from the measurement system itself could be assessed by 

repeating measurements without repositioning between scans. 

To illustrate the importance of good reproducibility the pQCT 

system was used to search for an effect of handedness on bone 

density in the distal radius. Six subjects had their left and right 

radii measured. All subjects were right-handed. This information 

appears in table 6.3. Subject 1 produced notable results. He had 

previously broken his right (dominant) wrist. The "weld" produced 

when the bone healed greatly increased bone density. This is 

reflected in his right trabecular bone density being 72% higher than 

in the left radius. For the other 5 subjects, left-right differences 

were generally greater than the reproducibility. For trabecular bone, 

all 5 subjects showed differences more than 3 times the CV. For 

cortical bone, only 2 subjects showed dramatic differences. 

However, it should be noted that the differences did not always 

correspond to handedness and it must be postulated that factors 

other than laterality must affect bone density in the distal radius. 

To address question 3, 49 subjects who were attending a 

metabolic bone disease clinic and who had recently had DPX 

measurements of the hip and spine were scanned on the pQCT 

scanner. The DPX measurements were done on six different Lunar 

DPX machines at St. Joseph's Hospital. The results are listed in 

table 6.4. If pQCT and DPX systems were equally adept at evaluating 

a person's bone mass (thereby fracture risk), a straight line should 

be obtained when the DPX result is plotted against the pQCT result. 

The results for the comparison of total radius bone mass with the 

femoral neck and lumbar spine bone mineral densities are shown in 

figures 6.3 and 6.4. These figures display considerable scatter. 

Table 6.5 shows the correlation matrix for the measured variables. 

These results show that the radius trabecular bone mass displays 
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Table 6.3 

Comparison of Bone Mass in Both Arms 
in Six Right-Handed Subjects 

Subject Arm Total Trab Cort Tot diff Trab diff Cort diff 
ITg/CC mg/cc mg/cc % % % 

1 1 L 470.3 188.4 694.4 • • • 
2 1 R 589.8 400.3 703.9 2.10 72.00 1.40 
3 2 L 364.0 162.6 528.5 • • • 
4 2 R 424.0 171.8 629.5 15.20 5.50 17.40 
5 3 L 434.5 254.3 522.7 • • • 
6 3 R 470.1 279.6 551.6 7.90 9.50 5.40 
7 4 L 338.3 182.2 465.9 • • • 
8 4 R 326.4 166.6 457.2 -3.60 -8.90 -1.90 
9 5 L 475.5 160.7 742.9 • • • 

10 5 R 478.2 181.1 711.8 -.57 11.90 -4.30 
1 1 6 L 524.8 279.0 692.2 • • • 
12 6 R 471.8 258.7 565.7 -1 0.60 -7.60 -20.1 0 
13 mean • • • 1. 74 13.73 -.35 
14 mean (ABS) • • • 8.43 30.50 11.25 

Diff = ~Right - Lefil .l 
t[Right ; Lef:Jx lOOJ % 

mean (ABS) - the mean absolute value 
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Table 6.4 

Comparison of pQCT Results 
to Hip and Spine DPX Measurements 

~---~ opx------~ 

Subject Tot Trab Cort Neck Ward Troc L1-L4 
irrg/cc mg/cc rcg/cc g/cm2 1g/cm g/cm'1g/cm2 

1 1 245.5 75.3 383.0 .638 .448 .477 .739 
2 2 513.2 292.8 580.5 1.029 .993 .902 1.426 
3 3 413.2 172.4 624.7 .846 .664 .712 1.008 
4 4 286.0 169.6 413.6 .680 .480 .470 .786 
5 5 469.3 238.5 596.5 .935 .763 .854 1.079 
6 6 332.2 188.3 515.6 .736 .590 .627 .978 
7 7 408.1 162.0 635.5 .960 .930 .920 1.126 
8 8 351.8 164.6 540.7 .681 .518 .620 .850 
9 9 363.9 226.9 427.2 .830 .684 .756 1.254 

10 10 271.5 90.1 578.8 .670 .480 .530 .975 
11 11 357.5 71.4 682.4 .651 .467 .679 .775 
12 12 243.3 92.6 446.4 .650 .435 .515 .824 
13 13 312.2 231.6 436.7 .730 .578 .569 1.018 
14 14 227.9 107.1 326.6 .750 .590 .580 .960 
15 15 186.2 70.7 352.4 .646 .394 .525 .954 
16 16 237.9 103.7 436.9 .537 .437 .458 .856 
17 17 164.9 104.8 252.2 .640 .440 .440 .860 
18 18 408.9 211.9 568.3 .916 .830 .879 1.406 
19 19 306.5 112.3 576.0 .722 .533 .644 .955 
20 20 400.2 211.5 554.5 .708 .476 .623 .972 
21 21 141.4 49.9 292.1 .523 .421 .400 .587 
22 22 210.2 109.2 387.7 .700 .361 .583 .908 
23 23 303.7 113.3 542.1 .657 .489 .479 .490 
24 24 363.3 136.0 622.5 .614 .488 .507 .883 
25 25 287.7 101.1 532.1 .708 .518 .628 .797 
26 26 364.0 125.6 653.6 .730 .580 .730 .913 
27 27 374.6 237.7 478.2 .782 .599 .680 1.386 
28 28 185.3 90.7 348.3 .603 .448 .564 .896 
29 29 280.4 11 3.1 453.2 .714 .637 .595 1.018 
30 30 323.0 141.9 555.3 .760 .680 .540 1.008 
31 31 316.8 95.3 574.9 .744 .588 .618 .870 
32 32 247.5 97.5 459.9 .642 .465 .461 .836 
33 33 281.4 140.6 428.9 .679 .586 .554 1.020 
34 34 180.7 100.2 317.2 .650 .452 .644 .791 
35 35 437.0 185.8 685.7 .767 .700 .718 1.139 
36 36 335.8 186.2 457.7 .760 .580 .650 1.182 
37 37 311.6 208.0 446.8 .736 .595 .615 .907 
38 38 393.0 150.5 648.1 .770 .662 .689 1.053 
39 39 4211.0 191.4 643.5 .898 .789 .690 .871 
40 40 378.5 80.7 712.6 .727 .548 .692 .785 

continued•••• 
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~----~----~~-------DPX--------1 

Subject Tot Trab Cort Neck Ward Troc L1-L4 
mg/cc mg/cc mg/cc g/cm2 g/cm2 g/cm2 g/cm2 

41 41 268.7 114.9 475.4 .699 .598 .600 .905 
42 42 516.0 279.1 629.4 1.113 .847 .846 1.257 
43 43 274.1 183.9 405.5 .656 .548 .610 1.116 
44 44 253.1 183.2 354.3 .731 .552 .695 .892 
45 45 296.3 139.9 498.8 .587 .365 .480 .BOO 
46 46 551.9 233.6 739.5 .771 .570 .944 1.188 
47 47 268.7 184.1 337.2 .710 .430 .560 .884 
48 48 195.0 66.0 300.3 .664 .550 .517 .773 
49 49 463.1 185.0 713.9 1.018 .979 .913 1.340 

Neck - bone mass in the femoral neck 
Ward - bone mass in the Ward's triangle 
Troc - bone mass in the trochanteric region 
Ll-L4 - bone mass in vertebrae Ll-L4 
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Figure 6.3 

Trabecular pQCT vs. Lumbar Spine DPX 

Relatively Good Correlation 
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Trabecular vs. Cortical Results 

(Both Measured using pQCT System) 

Poor Correlation 
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Correlation Matrix for Variables: X1 ... X7 

Tot Trab Cort Neck Ward Troc L 1-L4 

Tot 1 

Trab .743 1 

Cort .845 .328 1 

Neck .776 .713 .519 1 
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the highest correlation with the lumbar spine BMD. As measured by 

ash weight, trabecular bone makes up 80% of total bone mass in 

males at the lumbar spine (72% in females) [30]. The radius cortical 

bone mass shows the best correlation with the bone mass at the 

trochanter, which is predominantly cortical bone. The percentage 

cortical bone at the trochanter is 54.3, as measured by Hoiseth et. 

al. [31]. The worst correlation (0.33) is demonstrated between 

trabecular and cortical bone at the same site measured by the same 

technique. Taken together these results indicate that trabecular 

bone and cortical bone behave differently from each other as bone 

compartments but each compartment behaves similarly at different 

anatomical locations. Thus we can postulate that a subject showing 

a loss of trabecular bone in the distal radius as measured by pQCT 

would also have a lowered trabecular bone mass in the spine and hip. 

There are a number of explanations for the scatter in figures 6.3 

and 6.4. 

1 ) There are differences in regional stresses and strains from 

subject to subject. Those who use their arms frequently for heavy 

lifting would probably show an elevated bone mass in the radius but 

perhaps a normal bone mass elsewhere. Those who use their arms 

little but walk frequently may well display a bone mass in the hip 

which would probably be quite high compared to the radius. 

2) Metabolic bone disorders do not necessarily affect all sites or 

types of bone equally. The activities of bone cells responsible for 

remodeling processes in bone are not uniform throughout the 

skeleton. 

3) Local bone mass and fracture risk is dependent on the proportion 

of trabecular to cortical bone at that site. 

4) There is some variation between DPX machines. Some scatter 

could result from six different machines being used for the 49 
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subjects. Inter-machine differences are quite small between units 

from the same manufacturer even with older technology (DPA) [32), 

and even better for newer DPX models (33]. 

6.3 A Usable in-vivo Method? 

Assuming that an architectural measurement is important in 

assessing bone strength, pQCT would seem to provide a potential 

means of quantifying this variable. It measures both bone density, 

already known to be an important factor, as well as imaging 

trabecular architecture. But is the resolution sufficient to image 

the architecture clearly enough for our analytical needs? The 

manufacturer states the maximum resolution of the machine as .59 

mm. This is not enough for our purposes. Trabeculae are on the 

order of .1 mm thick, with spacings of .2 to .5 mm as can be seen in 

figure 2.3. Figure 6.5 is an image of a femoral head taken in air to 

maximize contrast between bone and non-bone material. It confirms 

the need for higher resolution. 

Attempts were made to confirm the stated resolution of the 

system. Stainless steel meshes with different wire and spacing 

sizes were scanned, in an attempt to find the smallest size that 

could be resolved. Unfortunately, these tests were unsuccessful. 

The software expects a two-component system (soft tissue and 

bone) and scanning the screens produced errors in calculation. The 

fact that the thickness of the screen is less than that of the slice is 

thought to be a problem as well. Aluminum, with a stopping power 

approximately 9 times less than that of stainless steel, is likely a 

better material to use as a phantom. A possible viable phantom 

would be a resin cylinder with holes drilled at regular spacings to 

allow for the insertion of aluminum rods. Scanning a number of 
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Figure 6.5 

pQCT 	 Measurement of a Femoral 

Head Taken in Air 

--------------------------STRATEC XCT-960 PQCT ~-------------------------
HAMILTON OSTEOPOROSI S CLINIC 25 CHAAL TON AVE . E. SUITE 501 
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00 8.: 01-01-01 OAH OF SCAN: 01-06-93 AGE : 92 
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Total Trab.bone Cort.(sub) 
Density: 82.1 30.1 124.6 
[mg/ccm] ±5.0 ±3.0 ±9.0 
Tscore: -4.7 -4.1 
Zscore: -2.2 -2.9 

#Voxels: 2923 (1017.5 mm2) 
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these phantoms with different rod sizes and hole spacings, one could 

see the minimum rod size and hole spacing at which the system 

could still resolve the image. 

One of the factors contributing to the insufficient resolution is 

the standard dilemma of balancing image quality and patient dose. 

Since the machine is not set up to do any in-vitro work, the femoral 

head was scanned using the same parameters as would be used for a 

patient. For the purposes of our study, it would have been invaluable 

to be able to decrease scan speeds, and thus improve the resolution. 

However, the fact remains that the necessary resolution cannot yet 

be obtained in-vivo with the current setup. 
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