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Abstract
Magnetic resonance imaging (MRI) has shown the potential to provide information 

related to the microarchitecture of the trabecular bone matrix. Detailed measurements 

of the structure of bone samples were made by histomorphometry and compared to 

T2’ (%CV=6.3 ± 2.7 - 8.7 ± 5.0) measured with a specially implemented sequence, 

PRIME (Partially Refocused Interleaved Multiple Echo), at 1.5 Tesla. After correction 

for bone mass, T2’ in 12 samples was significantly correlated to trabecular perimeter 

(r=-0.61,p=0.04), number density (r=-0.61,p=0.03) and width (r=-0.66,p=0.03), 

demonstrating the ability of MRI to characterise these important measures of the 

trabecular bone surface. This result strengthens the hypothesis that the sensitivity of 

T2’ to osteoporosis-related bone changes is due to magnetic susceptibility effects in 

which rapid transitions between bone and marrow create local magnetic field 

inhomogeneities which result in a shortening of the T2’ relaxation time.

In-vivo measurements of bone mineral density (BMD) and ultrasound parameters 

were made in the calcaneus of 55 postmenopausal women aged 43-87 years. 

Calcaneal T2’ was measured in 32 women and was significantly correlated to BMD 

(r=-0.79,p<0.0001) and ultrasound parameters (r=-0.59,p=0.0004). These 3 techniques 

have not previously been compared in the same study population. Z scores for all 

techniques were significantly different in normal and osteopenic women defined by 

spine BMD. All BMD and ultrasound parameters were significantly different in 

normal and osteopenic women after adjustment for age and years since menopause 

(YSM), while T2’ was only significantly different before correction. T2’ was 

significantly correlated to the number of vertebral fractures (r=0.38, p=0.03), as were 

BMD and ultrasound. The only parameters that were significantly different (after 

adjustment for age and YSM) between women with (n=19) or without (n=14) 

vertebral fractures were the change in BMD of the calcaneus or lumbar spine over one 

year. The calcaneus was shown to be a sensitive and precise site for the measurement 

of BMD (%CV=0.7 ± 0 .4 -1 .3  ± 0.6).



Errata
Page Line

17 10 Replace 1/T2'by 1/T2*

1 1 T 2 T 1 *
17 31 Replace-------------- by

T2* T2 { T 2 -T 2 * )

35 17 Replace ‘attenuating it or reflecting i f  by ‘absorbing it or scattering it’

40 9,10 Replace A-by Y

40 17 Replace R2*= R2 + R2 by R2*= R2 + R2’

50 24 Replace ‘reflected and refracted’ by ‘absorbed and scattered’

65 15 Replace‘hip’ b y ‘right hip’

73 6 Replace ‘one minute’ by ‘10 seconds’

124 7 In the sheep femur column of Table 3.5, replace the per./area value of

‘0.0883 ± 0.0015’ with the value ‘0.0088 ± 0.0015’

130 5 Insert at end of paragraph ‘Another explanation for the difference in

BMD between the two bone cube orientations is that with the 

trabeculae parallel to the x-ray beam many photons vdll pass straight 

through the gaps. Hence any non-linear effects between attenuation in 

bone and attenuation in marrow substitute will be observed’

146 2 Replace ‘r=80’ by ‘r=0.80’

146 19 Replace ‘r=-0.77’ by ‘r=0.77’

146 20 Replace ‘r=-0.76’ by ‘r=0.76’ and replace ‘r=-0.80’ by ‘r=0.80’.

159 3 Replace ‘Table 4.13’ by ‘Table 4.12’

166 1 Replace whole line by ‘(r=0.74) compared to the anatomical ROI

(r=0.46) with a p-value of <0.01.’

166 3 Replace ‘does not have fixed transducers’ by ‘does not have tranducers

in a fixed position relative to a footplate.’

181 13 Replace ‘Table 5.2’ by ‘Table 5.4’
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Glossary
%bone: bone area/tissue area determined by histomorphometry, expressed as a

percentage. It is equivalent to bone area fraction

2D: two dimensional

3D: three dimensional

AP: anterior-posterior

Apparent density: dry weight of specimen/total volume

Arc: a line or curve in histomorphometry representing a bone/marrow boundary

ASE: asymmetric spin echo - a magnetic resonance imaging sequence

BMC: bone mineral content

BMD: bone mineral density

BMI: body mass index equal to weight/height^

Bg: main magnetic field

BUA: broad band ultrasound attenuation

Object: a test line over bone in histomorphometry

CV: coefficient of variation, equal to standard deviation/mean, normally expressed as 

a percentage

DPA: dual photon absorptiometry 

DXA: dual energy x-ray absorptiometry 

FID: free induction decay 

FOV: field of view

FISP: fast imaging with steady state precession - a magnetic resonance imaging 

sequence

FLASH: fast low angle shot - a magnetic resonance imaging sequence 

HIRES: term used in this study to indicate a specific spin echo magnetic resonance 

imaging sequence

HRT : hormone replacement therapy

Intercept: a point marking a boundary between bone and marrow in 

histomorphometry

Mode F: clinical forearm dual energy x-ray absorptiometry scan mode used for 

calcaneus scanning in this study
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Mode S: small animal (total body) dual energy x-ray absorptiometry scan mode used 

for calcaneus scanning in this study

MTPD: mean trabecular plate density equivalent to the term used in this study of 

trabecular number or trabecular number density (Tr. N.)

MTPS: mean trabecular plate separation equivalent to the term used in this study of 

trabecular separation (Tr. S.)

MTPT: mean trabecular plate thickness equivalent to the term used in this study of 

trabecular width (Tr. W.)

NMc; number of vertebra on a lateral spine morphometry image classed as deformed 

according to the McCloskey criteria

MXA: morphometric x-ray absorptiometry, a feature on modem dual energy x-ray 

absorptiometry machines that allows lateral scanning of the whole spine. Vertebral 

deformities can then be identified by visual inspection or by the placement of markers 

on each vertebra.

N. int.:the number of intercepts (points marking a boundary between bone and 

marrow in histomorphometry)

NMin: number of vertebra on a lateral spine morphometry image classed as deformed 

according to the Minne criteria 

NS: not statistically significant

Nvis: the number of fractured vertebra identified on a lateral spine morphometry 

image by visual inspection

p-value: this gives the statistical significance of a result. In this study p-values <0.05 

were considered statistically significant

Point-typing: an analysis method in dual energy x-ray absortiometry where each 

pixel is assigned to bone or soft tissue 

Postmen.: abbreviation for postmenopausal 

Premen.: abbreviation for premenopausal

PRIME: partially refocussed interleaved multiple echo, a magnetic resonance 

imaging sequence previously used to study brain iron and implemented for this study 

to investigate trabecular bone

PSIF: part of the fisp sequence, samples the signal before the radioffequency pulse 

pQCT: peripheral quantitative computed tomography
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QCT : quantitative computed tomography

r: correlation coefficient, it expresses the magnitude of the relationship between 

variables

r^: the square of the correlation coefficient, used to indicate the extent of the variation

in one variable accounted for by the variation in another

RF: radiofi-equency

rms: root-mean-square

ROI: region of interest

R2: transverse relaxation rate (1/T2)

R2*: effective transverse relaxation rate (1/T2’)

R2’: the difference between the effective transverse relaxation rate (R2*) and the true 

transverse relaxation rate (R2).

SCV: standardised coefficient of variation, equal to CV divided by the population

range of that variable

sd: standard deviation

SNR: signal to noise ratio

SOS: speed of sound

SPA: single energy photon absorptiometry

SE: spin echo, a type of signal in magnetic resonance imaging

SSFP: steady state free precession, a magnetic resonance technique using a rapid

sequence of radiofrequency pulses to produce a steady state

Stiffness: an index devised by Lunar Corporation for use with the Achilles ultrasound 

bone densitometer. It is a mean of normalised broad band ultrasound attenuation 

(BUA) and speed of sound (SOS) and should not be confused with biomechanical 

stiffness

SXA: single energy x-ray absorptiometry 

T. per.: trabecular perimeter in histomorphometry 

T2: the transverse relaxation time 

T2*: the effective transverse relaxation time

T2’: a relaxation parameter related to magnetic susceptibility induced signal loss. It is

calculated as —-------—
T2* T2
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TE: time to echo 

TR: repetition time

Tr. N.: trabecular number in histomorphometry 

Tr. S.: trabecular separation in histomorphometry 

Tr. W.: trabecular width in histomorphometry 

UTV: ultrasound transmission velocity 

YSM: years since menopause
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Additional Comments

Chapters 3 and 5

In the MRI studies relaxation times such as T2' have been used to assess correlation 

between variables. Relaxation rates such as R2’ could also be used. Use of R2' instead 

of T2' did not improve any of the correlation coefficients presented in the thesis.

Chapter 2, section 2.4.3

Lateral spine radiographs are the established way of assessing vertebral fractures. In 

this study morphometric x-ray absorptiometry (MXA) was used to evaluate vertebral 

deformities in the interests of reducing radiation dose to volunteers. This is a 

convenient but new and hence unvalidated method. In this study a visual inspection of 

the lateral spine images was used to determine the presence or absence of fractures. 

Because this is a subjective judgement, all scans were viewed by the same individual. 

The Minne and McCloskey indices were also used in this study. The Minne spine 

deformity index is obtained by normalising the anterior, mid and posterior height 

estimates by the corresponding L4 height estimates to compensate for height 

differences between subjects, and then comparing the resulting values to normal 

ranges. The differences from normal values (in L4 height units) are reported as the 

spine deformity index for each height parameter at each vertebral level. The 

McCloskey deformity indices are obtained by comparing anterior, mid and posterior 

heights for a given vertebral level not only to one another but also to a “predicted 

posterior height value” obtained from four adjacent vertebra. Both ratios must be 

more than 3 sd below normal for a deformity to be reported. Anterior, mid, posterior 

and crush deformities are evaluated separately.

Chapter 2, section 2.7.2

Correlation coefficients have been used in this study to quantify relationships between 

variables. While these provide a useful measure for comparison of methods the 

disadvantage is that the correlation is dependent on the range of values in the sample 

studied and the effect of outliers may be significant. Hence results obtained by



Chapter One Introduction and Review

Figure 1.1 Aims of the study and layout o f thesis chapters

PRIMARY
AIMS

CHAPTERS SECONDAY
AIMS

1. To investigate the potential 
of MRI to provide structure 
related information in an in- 
vitro study by comparison witi 
the gold standard of 
histomorphometry

Chapter One
Introduction and Review

Chapter Two
Measurement Methods and Precision

Chapter Three
In-vitro Investigations

2. To give the first 
comparison of the ability of 
MRI, DXA and ultrasound 
techniques to predict the 
prevalence of osteopenia and 
vertebral fractures in a 
population of postmenopausal

Chapter Four
In-vivo Investigations with DXA and Ultrasound

1. To study the variation 
o f bone density across the 
calcaneus and to determine 
the value of this site in the 
prediction of osteopenia and 
vertebral fracture compared to 
the more conventional sites of 
spine and hip

Chapter Five
In-vivo MRI and Comparison o f Techniques

Chapter Six
Conclusions and Future work

\
2. To determine whether 
the moderate in-vivo 
correlations reported 
between ultrasound and 
BMD are improved if 
measurements are made in 
the same bone at a matched 
anatomical location

1.2 OSTEOPOROSIS AND BONE LOSS

1.2.1 Mechanisms of bone loss

Osteoporosis is a term for generalised fragility of the skeleton caused by a reduction 

in the amount of bone and by disruption of the skeletal microstructure. Trabecular 

bone is a lattice work of horizontal and vertical bars contained within a thin cortical 

shell with the spaces filled with red marrow or fat. The relative importance of 

trabecular bone in osteoporosis compared to cortical bone is as a result of its large 

surface area to mass ratio. Hence trabecular bone has an increased surface area in 

close proximity to the cells that participate in bone turnover. Bone remodelling 

initiated by hormonal or physical signals is carried out by osteoclasts which resorb 

cavities about 60 pm deep (Marcus 1994). Coupled to resorption, bone formation by 

osteoblasts replaces the missing bone in a continuous cycle.
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The precise pathogenesis of osteoporosis is still unknown. Riggs et al (1982) suggest 

two independent but parallel processes. The rapid decrease in bone content seen 

immediately after menopause is associated with a marked decrease in trabecular bone. 

This is superimposed on the age-related loss of bone, which shows a more gradual 

decrease in both trabecular bone and cortical bone.

1.2.2 The importance of bone structure

The mechanism of bone loss is very relevant to fracture risk. Generalised trabecular 

thinning will maintain connectivity while the loss of the same amount of bone but in a 

manner that produces holes in areas of otherwise normal bone will have very different 

biomechanical consequences (Kleerekoper et al 1985). Weinstein and Hutson (1987) 

showed that 67.6 % of trabecular bone loss is due to an increase in the spacing of 

trabecular plates, while 23.2 % is due to a decrease in plate width. Other authors have 

found a high correlation between bone strength and the number and spatial 

relationship of the trabecular plates (Pugh et al 1973; Gibson 1985). Parfitt et al 

(1983) suggest that the loss of entire trabecular elements may result from perforation 

during resorption, resulting in removal of the surface where bone formation would 

have followed. A possible mechanism may be that oestrogen deficiency causes the 

osteoclasts to excavate deeper cavities which results in faster loss of bone and 

trabecular connectivity (Parfitt 1988).

1.2.3 The role of bone mass measurement

Before the advent of photon absorptiometry as a precise method to determine bone 

mass, osteoporosis was a clinical or radiological diagnosis. Now, although decision 

levels vary, the presence of reduced bone density may also be termed osteoporosis. 

However there is a feeling that this should be more accurately termed osteopenia, 

reserving the term osteoporosis for those who have actually sustained low trauma
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fractures. This is the terminology that will be used in this study. The World Health 

Organisation has defined both osteopenia and osteoporosis in terms of bone density 

(WHO 1994). The diagnosis of vertebral fractures, the classic sign of osteoporosis is 

itself the subject of much debate. The use of densitometric parameters has been 

validated in prospective studies which show increases in fracture incidence as bone 

mass decreases (Cummings et al 1990; Hui et al 1989). In-vitro, biomechanical 

studies have shown that the bone mineral content (BMC) and density (BMD) of 

vertebra is significantly correlated 'with compressive strength (Hannson et al 1980; 

Myers et al 1994). Similarly femoral neck BMD is strongly associated with femoral 

failure load (Bouxsein et al 1995).

However the considerable overlap seen in the bone density of fracture patients and 

nonfractured controls points to the existence of risk factors other than bone mass. 

These include the propensity to fall, the geometric properties of long bones and, as 

discussed in Section 1.2.2, trabecular structure.

1.2.4 Selection of measurement site

Measurements of bone density are commonly made at the spine and hip (usually the 

femoral neck) as these are common sites for osteoporotic fractures. However sites in 

the appendicular skeleton can also be used and may offer advantages over axial sites. 

The calcaneus particularly is a promising site for measurements by a range of 

techniques being easily accessible with little overlying soft tissue. It is composed of 

about 95 % trabecular bone with a thin cortical shell making it suitable for the study 

of osteoporosis. It is not a common fracture site but even for the spine the most 

prevalent sites for fracture in the thoracolumbar column are at T7-T8 and T il-L I 

(Melton et al 1989), yet measurements of bone mineral properties are limited to L1-L4 

because of overlying bone. One advantage of the calcaneus as a measurement site is 

that it is less subject to degenerative changes than the spine. Kotzki et al (1993) 

showed that the measurement of calcaneus BMD is more useful than spine BMD in 

older patients for the estimation of bone mass, when lumbar osteoarthritis occurs.
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A number of studies have shown that appendicular BMC and BMD, such as that of 

the calcaneus, can be used as a predictor of fractures (Cummings et al 1990; Ross et al 

1987; Black et al 1992; Ross et al 1988), and that its predictive power is similar to 

that of measurements made at the spine and hip (Black et al 1992; Ross et al 1988). In 

fact the recent study by Cummings et al (1993) of women aged 65 years and over, 

showed that BMD of the femoral neck was only moderately better than BMD of the 

calcaneus as a predictor for hip fracture. The overall risk of other types of fractures, 

such as fractures of the ribs, metacarpals and forearm, is highest among women who 

have the lowest bone mass in the radius and calcaneus (Cummings et al 1990; Hui et 

al 1989).

In-vitro, Lespessailles et al (1995) measured the compressive strength of cylindrical 

bone samples taken from excised calcanei and found a significant correlation with 

BMD measured by DXA. About 36 % of the variation of the compressive strength 

was explained by the BMD. Bouxsein et al (1995) measured BMD by DXA in 16 

matched sets of cadaveric proximal femurs and feet. Calcaneal BMD was significantly 

associated 'with femoral failure load. Weaver and Chalmers (1966) measured the ash 

density and compressive strength of cubes of bone removed from the inferior part of 

the calcaneal tuborosity (posterior part of the bone) of 95 cadavers. This region 

showed the most uniform trabecular orientation and also had the highest compressive 

strength and ash weight. Compressions were also made with cubes from vertebra. 

Calcaneal bone strength decreased with age and was well correlated to calcaneal ash 

weight r=0.81. Average compressive strength and ash weight were significantly 

higher in the calcaneus than in the vertebra.

1.2.5 The calcaneus

Figure 1.2 shows the bones of the foot. The calcaneus is the strongest and largest of 

the tarsal bones; it is an irregular cuboid situated at the lower, rear part of the foot. 

The purpose of the calcaneus is to transmit the weight of the body to the ground and 

act as a strong lever for the calf muscles. The calcaneus articulates with two bones:
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the talus and the cuboid. The foot is an arched structure carrying loads applied to the 

talus via the tibia and fibula.

Figure 1.2 Illustration of the bones of the foot and magnetic resonance image of the heel

NAVICULAR 

CUNEIFORMS

METATARSALS

•FIBULA

TIBIA

TALUS

/
CUBOID

CALCANEUS
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1.3 TECHNIQUES OF BONE MASS MEASUREMENT

1.3.1 Dual and Single Energy Absorptiometry

L3.L1 Development

Cameron and Sorenson (1963) originally described the use of single photon 

absorptiometry (SPA) with for the in-vivo measurement of bone mineral. Many 

early single energy measurements of bone mineral were made in the calcaneus due to 

its scant tissue covering which could be compensated for by immersing the heel into a 

water bath, a technique not suitable for spine measurements. Vogel et al (1988) relate 

the history of these early measurements of calcaneal bone mineral measurement by 

densitometry. Dual photon absorptiometry (DPA) appeared in the mid-70s enabling 

the measurement of axial skeletal sites and of the whole body (Roos and Skoldbom 

1974). The substitution of an x-ray tube for the isotope source led to dual energy x-ray 

absorptiometry (DXA) giving the advantage of higher spatial resolution, improved 

precision, shorter scanning times and reduced radiation dose to the patient (Blake et al 

1992).

1.3.1,2 Sources of error

Because x-ray tubes generate polyenergetic spectra, the effect of beam hardening, 

whereby lower energy photons are preferentially removed from the radiation beam 

compared with higher energy photons, may result in errors. However the study by 

Blake et al (1992) showed that the effect on BMD of a shift in spectral distribution to 

higher effective energies with increasing body thickness is small. Others have 

investigated further sources of error such as the effect of soft tissue thickness (Tothill 

and Avenell 1994) which was not sufficient to invalidate changes in BMD results 

even if patient weight changed, and the effect of scatter (Mooney and Speller 1992) 

which can reduce bone density of the spine by about 1 % if patient size changes 

between serial measurements. Choice of spatial resolution and edge detection 

algorithms may also affect the accuracy of BMD measurements.
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L3J.3 Accuracy

DXA produces a BMD index or ‘areal’ density as it cannot give a true volumetric 

density. The accuracy error, the extent to which the DXA measurement differs from 

true BMC determined by ashing, is 5 % for SPA and 4-10 % for DP A (Delmas 1993). 

For DXA the accuracy for lumbar spine and femoral neck is the same at 4-8 % 

(Faulkner et al 1991). Sabin et al (1995) carried out a study with cadaver vertebra and 

found a strong correlation of anterior-posterior (AP) BMC vyith ash density (r=0.9S7) 

although DXA systematically underestimated ash data by 14 %. Two studies have 

validated the use of DXA for calcaneal BMC. Szucs et al (1992) and Yamada et al 

(1993) both obtained a highly significant correlation of r=0.97 between the ashed 

bone mass of cadaver calcanei and the measured BMC values. However the projected 

area calculated by DXA was not a fully reliable indicator of the 3D volume resulting 

in poorer correlations for BMD (Yamada et al 1993).

1.3.1.4 Morphometric X-ray absorptiometry (MXA)

Conventional DXA uses a pencil beam of x-rays which scans through the patient in a 

rectilinear fashion. The source and detector move together and the image is formed 

line by line. Within the last few years the pencil beam of x-rays has been replaced by 

a fan beam and a strip of detectors. This has shortened scanning times by about a 

factor of ten. A combination of fan beam technology and the introduction of a rotating 

arm which moves the source and detector through 90° while the patient remains in a 

supine position on the scanning table has enabled much improved lateral spine 

scanning. An image of the spine from T4 to L5 can be obtained in one scan at a much 

lower radiation dose compared to conventional x-rays. Markers may then be placed on 

the image to obtain measurements of the anterior, mid and posterior heights for each 

vertebral body. The degree of vertebral deformity, an important indicator of 

osteoporosis, may then be quantified.
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1.3.2 Quantitative Computed Tomography

L3,2,l Conventional

Computed tomography provides high quality images through the body in any plane. It 

also gives measurements of the linear x-ray attenuation coefficients of body tissues 

expressed in Hounsfield units. The technique can be made quantitative by including 

appropriate standards in the scanning field and is generally applied to measuring 

trabecular bone density in the vertebra. It has the advantage of being able to isolate 

trabecular bone and avoid areas of degenerative change which may falsely elevate 

BMD. It also gives a true volumetric BMD. However the precision of QCT is poorer 

than for DXA techniques and the effective dose is higher being approximately 

equivalent to that of a chest x-ray (60 pSv). The accuracy of QCT measurements is 

about 5-15 % (Wahner and Fogelman 1994).

1.3.2.2 Peripheral Quantitative Computed Tomography (pQCT)

While the use of conventional QCT may decrease due to increased availability of 

DXA systems, pQCT with its excellent precision and ability to distinguish trabecular 

and cortical bone is now becoming more widely used for measurements of the distal 

radius. A comprehensive description of the measurement procedure is given in 

Schneider and Borner (1994).
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1.3.3 Summary Table

Details of the densitometry and QCT techniques described are summarised in Table 

1 . 1

Table 1.1 Characteristics of the major imaging techniques for quantifying bone mass

Technique Skeletal
region

Precision
(%)

Examination
time

(minutes)

Photon
energy
source

Absorbed 
dose per 

scan
SPA radius

calcaneus
1-3 15 f  (35 keV) lO pSv

DPA lumbar 2 30 10 pSv
spine

femoral
neck

2-4 30 (40, 100 keV) lO pSv

DXA lumbar 1 1-6 X-ray 4 |iSv
spine 

femoral 
neck 

forearm 
whole body 
calcaneus

2-3 1-6 (70-140 kVp) 4 pSv

QCT spine 2-6 10 X-ray 
(80-120 kVp)

60 pSv-10 
mSv

pQCT radius
tibia

1 7-8 X-ray
45kVp

30 |iSv

1.3.4 Other Techniques

1.3.4.1 Compton scattering

With this method the bone is irradiated by a collimated beam of photons, and the 

intensity of the scattered radiation from a well-defined volume within the bone is 

monitored (Mooney 1993). The fraction of scattered photons is proportional to the 

mass density of bone tissue per unit volume (g/cm^). The results are independent of 

the gross anatomy of the bone, and reflect the density of all osseous constituents.
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organic as well as mineralised. This technique is not commercially available. Foldes et 

al (1994) showed that bone density of the distal radius measured by Compton 

spectroscopy in 18 osteopenic postmenopausal women was well correlated to 

histomorphometric determinations of bone volume per unit tissue volume in transiliac 

bone biopsies.

1.3.4.2 Low angle x-ray scattering

This technique, described in detail by Roy le and Speller (1990), measures the patterns 

produced by x-ray scatter at small angles. The advantage of this method could lie in 

its ability to focus on a particular region of trabecular bone and to separate the 

response of the marrow from that of bone. It is currently purely a research tool.

1,3,43 Radiogrammetry

Radiogrammetry, the evaluation of cortical thickness and bone density from a 

radiograph of the hand, preceded SPA, DPA, DXA and QCT as a way of estimating 

bone loss (Albanese et al 1969; Horsman and Simpson 1975). It is probably the 

simplest method of obtaining quantitative information concerning bone mineral 

content. The total and medullary widths of tubular bones are easily measured and the 

only equipment required is a standard x-ray machine. The technique fell out of use 

due to poor precision and accuracy (Meema and Meema 1981; Dequeker 1982). 

Computed analysis of digitised images has generated some renewed interest in this 

technique and Adami et al (1996) have found significant correlations between 

radiometric findings and DXA measurements. Wishart et al (1993) found that 

measurements of metacarpal cortical and medullary width performed with needle 

callipers gave information about bone mass, bone density and fracture risk 

comparable with that obtained by forearm and vertebral densitometry. However, the 

precision of radiogrammetry for longitudinal studies remains questionable.

1,3,4,4 Grading of trabecular patterns

The trabeculae in the upper end of the femur of normal individuals, as in all weight 

bearing trabecular bones, are arranged along the lines of compression and tension 

stresses produced in the bone during weight bearing. Singh et al (1970) devised an

29



Chapter One______________________________________________________________________Introduction and Review

index of osteopenia or Singh index (SI) grading based on the appearance of trabeculae 

on standard x-rays. They showed a good correlation between histological osteopenia 

and grading of contralateral hip x-rays in 35 patients aged over 50 years. This method, 

like radiogrammetry, seems to be enjoying a revival. Masud et al (1995) found that 

lumbar spine and femoral neck BMD measured by DXA were significantly lower with 

decreasing SI grade (p<0.001). The SI may be useful as an independent indicator of 

bone strength. Gluer et al (1994) have recently suggested that a combination of the SI, 

femoral neck and shaft cortex thickness and trochanteric region width can predict hip 

fracture at least as strongly as femoral neck bone density.

Numerical grading of trabecular patterns in the calcaneus has been described by 

Aggarwal et al (1986). They devised 6 grades based on the reduction of specific 

trabecular groups as an indication of the severity of the osteoporosis. Ahl et al (1993) 

compared this index with calcaneal BMC in 77 patients with ankle fractures and 

found very poor correlations. They concluded that an extensive loss of bone mineral is 

required before the calcaneal trabecular architecture is altered enough to show visible 

changes in standard radiographs. Jhamaria et al (1983) have divided the progressive 

loss of compression and tensile trabeculae of the calcaneus into five grades; from that 

in normal healthy adults (grade V) to that in severe osteoporosis (grade 1). This 

method correlates significantly with the Singh index (Jhamaria et al 1983). The five 

grades are illustrated in Figure 1.3.
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Figure 1.3 Changes in the trabecular patterns o f the calcaneus with osteoporosis

Posterior Anterior Grade V - Normal
Lateral view of the 
calcaneus and diagram 
showing the trabecular 
pattern. Compression and 
tensile trabeculae are 
uniformly distributed

Grade IV - Normal
The posterior compression 
trabeculae are divided into 
two pillars separated by a 
radiolucent area due to 
recession and disappearance 
of the middle portion of 
these trabeculae

Grade III - Borderline
There is also recession and 
disappearance of the 
posterior tensile trabeculae 
which now cross only the 
anterior pillar of the 
posterior compression 
trabeculae.

Grade II - Osteoporotic
The anterior tensile 
trabeculae have disappeared 
and the posterior tensile 
trabeculae have receded.

Grade I - Severely 
osteoporotic
There is complete 
disappearance of both sets 
o f tensile trabeculae; the 
compression trabeculae are 
reduced in number and are 
thin.

The compression trabeculae originate at the subtalar articular surface and diverge downwards 
in two sets; one set to the posterior of the bone and one set to the anterior part. The tensile 
trabeculae start in front of the tuborosity of the calcaneus and sweep both backwards and 
forwards between the two compression struts (Jhamaria et al 1983).
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1.4 HISTOMORPHOMETRY

1.4.1 Introduction

In the previous section x-ray methods for the measurement of bone mass have been 

described ending in the method of studying trabecular patterns on radiographs which 

depends on both the amount and arrangement of bone. For the remainder of the 

chapter the emphasis is on techniques that may impart structural information. Because 

the background of these methods is generally less well known in the osteoporosis field 

than x-ray based methods, more detailed descriptions are given.

Many studies have shown that a change in bone microstructure occurs with age. The 

observed significant increase in trabecular separation (Parisien et al 1988; 

Christiansen et al 1992) and the decrease in mean trabecular plate density (trabecular 

number) with age (Parfitt et al 1983) suggests a loss of whole trabecular elements and 

a disintegration of the trabecular network. These conclusions and resulting theories on 

the mechanism of bone loss, some of which have been discussed in Section 1.2.1, 

have all been reached on the basis of information derived from histomorphometry. 

This technique is regarded as the gold standard for assessment of trabecular 

microstructure. The bone biopsies that have formed the basis of much information 

about bone structure are usually taken from the iliac crest which is a superficial non 

weight-bearing part of the skeleton.

Electron microscopy reveals sections of trabecular bone as a complex three 

dimensional (3D) network of curved plates and bars. The size, shape, orientation, 

distribution and connectivity of these structural elements can substantially affect the 

biomechanical properties of trabecular bone and its internal surface area is an 

important determinant of hormone responsiveness and of remodelling activity. Insight 

into 3D structure is possible by making use of the two dimensional (2D) information 

available from histological slides of bone samples, e.g. trans-iliac bone biopsies and
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using stereology which only requires perimeter and area measurements to be made 

(Parfitt et al 1983).

1.4.2 Preparation of bone samples

Bone is composed of cells (osteoclasts, osteoblasts and osteocytes) and a matrix of 

collagen with inorganic mineral salts deposited within it. These are a crystalline 

complex of calcium and phosphate hydroxides called hydroxyapatite 

(Caio(P0 4 )6(OH)2) (Stevens and Lowe 1992) with approximately 38 % of it being 

calcium (Bancroft and Stevens 1990). Bone collagen does not become mineralised as 

soon it is deposited. Unmineralised collagen or osteoid tissue forms a border, often 

called a seam, on surfaces of newly formed bone. This is normally no more than 15 

pm thick and covers only a small proportion of the surfaces (Bancroft and Stevens 

1990). Many histological techniques are available for bone. Some such as paraffin 

embedding require décalcification to remove mineral and soften the tissue. However 

for the study of the bone mineral itself and its relationship with non-mineralised 

elements, sections are usually prepared by techniques that do not interfere with the 

mineral substance. These are referred to by histologists as ‘undecalcified methods’. 

Soft embedding media such as paraffin wax are inadequate to prevent the tissue 

crumbling as it is cut and acrylic resins are now the most widely used embedding 

media for undecalcified bone. The processing of bone samples for histomorphometry 

is a long process requiring dehydration of the specimen in graded alcohols and 

infiltration with increasing concentrations of resin over a period of weeks. The 

hardened resin blocks are then sectioned on microtomes (precision motorised cutting 

machines) to yield slices a few microns thick which are fixed on slides and stained.
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1.4.3 Parameters of bone structure

A slice of tissue on a slide is a 3D object, but if cut thinly enough it approximates a 

true geometrical section, and when looked at through the microscope it produces a 2D 

image. This image consists of profiles which are the projections of structures in three 

dimensions on to a plane. Stereology is the study of how these profiles in the 2D 

image are related to the 3D structure which was sampled (Parfitt et al 1983). The 

calculation of 2D quantities such as area and perimeter from the primary data is 

obtained from quantitative light microscopy. Important histomorphometric parameters 

for evaluating bone microarchitecture include trabecular width, number density, 

separation and perimeter.

An alternative method is to study nodes on images where the trabeculae have been 

reduced to a single pixel thickness or ‘skeletonised’. Structural elements or struts are 

classified according to whether they start or end in a node, free end or cortical bone 

(Compston et al 1987). These parameters provide information on connectivity of the 

trabecular network and on the number of struts but results may be difficult to interpret 

intuitively. Trabecular perforations without much loss of trabecular mass would be 

expected to result in increased nodes and free ends, whereas more drastic loss of 

connectivity by removal of whole rods and plates would result in reduction of nodes 

and free ends (Recker 1993).

1.4.4 Dynamic variables

One great advantage of bone histomorphometry is the ability to provide information 

on bone formation and resorption. Tetracycline has the property that it is laid down on 

all bone surfaces where active mineralisation occurs. By giving tetracycline to the 

individual in two sessions with an interval of 10 days prior to the biopsy procedure the 

extent of active mineralising surfaces can be determined. By measuring the distance 

between the two tetracycline lines the amount of bone formed by the osteoblasts
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during the labelling interval can be obtained. In normals the total trabecular surface is 

theoretically renewed every two to three years (Eriksen 1986).

1.4.5 Limitations

The use of image analysis systems with automatic or semi-automatic methods for 

segmentation and analysis of video camera images of bone slides has reduced the time 

required for measurement. However the time required for sample processing and the 

destructive nature of this processing are the main drawbacks of this technique. There 

is a limit to how many bone biopsies can be taken from a subject and by the nature of 

the investigation they cannot be taken from the same place. Another limitation is that 

the technique is a 2D representation of a 3D structure. In spite of these points, 

histomorphometry provides a means for the direct measurement of bone and produces 

detailed information about bone microstructure.

1.5 MAGNETIC RESONANCE IMAGING

1.5.1 Introduction

There are two fundamental differences between magnetic resonance signals and x-rays 

or ultrasound. In the case of x-rays or ultrasound the body interacts with a beam, 

attenuating it or reflecting it. With MRI the radioffequency wave that is sent into the 

system is not reflected or attenuated but stimulates the tissue itself to produce a signal. 

The second difference is that, unlike any other imaging modality, the contrast or 

nature of the images may be changed by selecting different imaging parameters. The 

signal in MR images is obtained from protons or cellular water. Protons bound in 

solid structures such as bone do not contribute to the signal. Hence, any attempt to 

gain information on trabecular structure must make use of the measurement of the 

marrow constituents. The fact that the presence of bone affects the MR characteristics
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of liquids was observed by Davis et al (1986) in experiments with powdered bone in 

saline or oil which were used to simulate marrow components. Czervionke et al 

(1988) noted spatial distortion and artificially enlarged bone contours due to the 

effects of magnetic susceptibility. Rosenthal et al (1990) measured cadaveric vertebra, 

defatted and immersed in water in-vacuo. Water within the trabecular matrix showed 

reduced signal intensity compared to water outside the specimen. Sebag and Moore 

(1990) noted qualitatively that bone marrow in the presence of trabecular bone 

showed a lower signal intensity in some MR images. This effect increased with 

increasing trabeculation. Thus it seems that in certain conditions the MR signal from 

bone marrow is modified in some way due to the presence of the surrounding 

trabecular matrix. This unique characteristic makes MR an exciting prospect for the 

study of trabecular bone structure. To date, most emphasis has been placed on 

susceptibility effects, high resolution imaging and spectroscopy.

1.5.2 MR Theory

A rigorous discussion of MR theory and image production may be found in Morris 

(1986). Here only the principles of signal generation and relaxation times are 

discussed. The MR technique is most commonly applied to the nucleus of the 

hydrogen atom although other nuclei may be used. Hydrogen is present in the water 

that makes up 70 % of the human body and also in body fat. Nuclei that contain an 

odd number of protons and neutrons have an associated net magnetic moment. The 

hydrogen atom, with its one proton, therefore has its own magnetic field and when 

placed in an external magnetic field (B J tends to align itself with or against the 

direction of the field. There is a very small difference in the population of these 

energy levels with slightly more protons aligned with rather than against the direction 

of the main magnetic field. Due to the presence of spin angular momentum the proton 

will precess about the axis of the main field at a specific frequency called the Larmor 

frequency co. This frequency depends on the strength of the applied magnetic field Bq 

and the gyro-magnetic ratio y, which is different for different nuclei.
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These are related by the equation

o) = yBo

When the human body is placed in an external magnetic field (the direction of 

which is normally taken to be the z direction) the magnetic vectors of the millions of 

processing protons are randomly distributed in the orthogonal or x-y plane and cancel 

out. In the direction of the main field Bq however, because more protons are aligned 

with than against B^, there is a net magnetisation in the z direction which is called 

longitudinal magnetisation. If a short burst of electromagnetic radiation (a 

radiofrequency or RF pulse) is transmitted into the patient at precisely the Larmor 

frequency, resonance occurs as some protons absorb energy from the RF pulse and are 

excited to a higher energy state. This has the effect of decreasing the longitudinal 

magnetisation. At the same time the RF pulse causes all the protons to precess in 

phase. Now the magnetic vectors in the x-y plane of all the precessing protons no 

longer cancel out but add to produce transverse magnetisation which moves in phase 

with the precessing protons. This is detected outside the body as the MR signal by the 

electromotive force it induces, at the Larmor frequency, in the receiver coil. The RF 

pulse is called a 90° pulse as it ‘tilts’ or ‘flips’ the magnetisation by 90°. Similarly a 

180° pulse ‘tilts’ the magnetisation by 180°.

After RF energy transmission ceases, the system returns to normal or ‘relaxes’. The 

protons revert to their equilibrium position at characteristic rates termed relaxation 

rates. The protons that were lifted to a higher energy state by the RF pulse go back to 

the lower state of energy in a process called longitudinal relaxation. As the difference 

in energy is passed to the surroundings or ‘lattice’ this process is also called spin- 

lattice relaxation. A plot of longitudinal magnetisation against time after the RF pulse 

is switched off is a T1 curve (Figure 1.4). The T1 relaxation time is a time constant 

that describes how long it takes for the longitudinal magnetisation to recover.
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Figure 1.4 T1 relaxation
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Immediately after the RF pulse is switched off all the protons are precessing in phase 

which produces the transverse magnetisation. However this situation does not last. 

The field of a MR magnet is not uniform and in addition each proton is influenced by 

the small magnetic fields from neighbouring nuclei that are also unevenly distributed. 

This causes the protons to lose phase coherence and the transverse magnetisation 

decreases with a characteristic T2 or spin-spin relaxation time. This produces a RF 

signal that can be detected externally. The signal disappears with time but has a 

constant fi*equency and is called a free induction decay (FID). A 180° RF pulse has the 

effect of reversing the spin dephasing of the protons and producing a signal which is 

termed an echo. TE is the time to echo. If this pulse is applied a time TE/2 after the 

90° pulse, then at time TE the protons will be back in phase increasing the transverse 

magnetisation. This may be repeated indefinitely but as the 180° pulse only 

neutralizes the effect of constant inhomogeneities in the field and not the varying 

inhomogeneities from local magnetic fields inside the tissue, the intensity of the signal 

will decrease from echo to echo due to T2 effects. If a 180° pulse is not used to 

refocus the spins the protons will dephase faster. The time constant describing this 

decrease is termed T2*, the effective transverse relaxation time. Figure 1.5 illustrates 

T2 and T2*.
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Figure 1.5 T2 and T2* relaxation
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The free induction decay (FID) of the MR signal due to macroscopic field inhomogeneities is 
much faster than would be expected by the T2 value of a specific tissue.

A succession of RF pulses makes up a pulse sequence. The choice of pulses and 

repetition time (TR) influences the contrast of the image which may be T1-weighted, 

T2-weighted or depend simply on the number of protons present.

1.5.3 Magnetic susceptibility effects

Magnetic susceptibility is the ratio of the intensity of magnetisation produced in a 

substance to the intensity of the applied magnetic field. In other words, it is a measure 

of the extent to which a substance can be magnetised when placed in an external 

magnetic field. In trabecular bone, the protons in the marrow are in a unique 

environment by being situated in the boundary zone of two physical phases of 

different magnetic susceptibility. It is well known that the polarising magnetic field 

causes a magnetic surface potential at the phase boundary of two materials of different
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magnetic susceptibility. Most body tissues are diamagnetic (substances that weaken 

the magnetic field). Mineralised bone, by virtue of the higher atomic number of its 

elemental composition (i.e. calcium and phosphorus), is more diamagnetic than the 

marrow constituents in the trabecular marrow cavities, which consist mainly of water 

and lipids (i.e. oxygen, carbon, and hydrogen). This difference in susceptibility is 

sufficient to cause a spatially varying magnetic field in the intertrabecular space 

(Wehrli et al 1991). This local field inhomogeneity can be quantified by the 

measurement of T2* which is related to the spread in the magnetic field (AB) by

 ̂ = — + /1AB
T2* T2

—  = X6£
TT

where y is the gyro-magnetic ratio. The reciprocals of relaxation times represent 

relaxation rates denoted as R2, R2*, R2’ etc. 1/T2 (R2) is the true transverse 

relaxation rate. 1/T2’ (R2’) represents the contribution to the effective transverse 

relaxation rate 1/T2* (R2*) of the spread in the magnetic field across the sample.

1 1 1
+

T2 * T2 TT 

or

R2* = R2 + R2

Figure 1.6 illustrates the increase in magnetic field inhomogeneities with increasing 

amounts of trabecular bone.
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Figure 1.6 Effect of the trabecular matrix on magnetic field homogeneity
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1.5.4 Investigations of magnetic susceptibility effects

Although it is T2’ that represents magnetic field inhomogeneity effects, most 

investigators have opted to measure the more easily obtainable T2* assuming that T2 

is relatively constant. In 1991 Wehrli et al reported preliminary clinical results of 

measurements of T2*, the effective transverse relaxation time. They showed that in 

patients with osteoporosis T2* was significantly prolonged, which was postulated to 

arise from increased intertrabecular spacing. Support for this interpretation was 

provided by Ford and Wehrli (1991) who showed T2* was shorter in regions of 

known denser trabeculation in the distal femur. Ford et al (1993) produced a 

magnetostatic model of trabecular bone based on a tetragonal lattice. The predicted 

values of R2’ were in good agreement with experimental results in cores from human 

vertebral bodies which showed that R2’ was characterised by the trabecular thickness
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and number density along the direction of the applied field (Ford et al 1993b). Chung 

et al (1993) found that R2’ in bone specimens showed a high correlation with Young’s 

modulus (r=0.91). This is a very important result because Young’s modulus is highly 

correlated with ultimate strength, and hence provides strong evidence that R2’ is an 

indicator of the mechanical competence of bone.

As well as association with structural parameters a number of people have reported 

good correlation between 1/T2* and BMD (Majumdar et al 1991; Majumdar and 

Genant 1992). Engelke et al (1994) imaged an arrangement of strings immersed in 

solution and found that a change in structure at constant density and a change in 

density with a constant structure both caused a change in R2’. However it was not 

possible to separate structural and density effects from a R2’ measurement alone.

1.5.5 Effect of trabecular orientation to main magnetic field

Chung et al (1995c) mapped the magnetic field distribution in specimens from human 

lumbar vertebra. Local phase shift in the magnetic field maps confirmed the 

hypothesis that the T2* effect reported in trabecular bone is due to the field 

disturbance by diamagnetic bony trabeculae. In addition they noted that the field 

perturbation arises mainly from the trabeculae orientated perpendicular to the 

direction of Bq. In contrast trabeculae parallel to Bq do not significantly affect the 

field. Further evidence for this effect comes from work by Chung and Wehrli (1993). 

T2* in the wrist of a volunteer was measured with the arm parallel and perpendicular 

to the direction of the main magnetic field. T2* was shorter with the arm (hence the 

trabeculae) perpendicular to the main field. As the trabeculae are orientated 

preferentially along the forearm the mean trabecular number density is greater with 

the forearm perpendicular to the magnetic field direction. Work with computer models 

has also highlighted this increased sensitivity to structural changes when the 

trabeculae are running perpendicular to the static field (Hwang and Wehrli 1995; 

Yablonsky and Haacke 1994). This important finding illustrates the potential of MR 

to give information related to trabecular structure and underlines the necessity of
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appropriate orientation of samples with respect to the direction of the main magnetic 

field. For example MR measurements may be particularly valuable in the human 

lumbar spine where it has been shown that age related bone weakening is very 

sensitive to loss of horizontal trabeculae (Melton et al 1989).

1.5.6 Measurement of relaxation times

1.5.6.1 Asymmetric spin echo

Not all MR sequences are suited to measuring T2*. The spin dephasing arising from 

the magnetic field inhomogeneities due to the presence of trabeculae is reversed by 

the 180° pulse used in spin echo imaging. Hence this method is unsuitable except in 

the form of the asymmetric spin echo (ASE) sequence. In a normal spin echo 

sequence, the 180° pulse is spaced by the interval TE/2. In the modified sequence, the 

180° pulse is applied at times shifted by time At from the normal time. The variation 

in the signal intensity as At is increased is a measure of the magnetic field 

inhomogeneities alone.

1.5.6.2 Gradient echo

Gradient echo imaging is commonly applied to the measurement of T2*. In this 

method, instead of using a 180° pulse to refocus the dephasing spins to produce an 

echo, a magnetic field gradient is superimposed on the existing magnetic field. This 

results in even larger magnetic field inhomogeneities in the examined slice and thus 

the signal disappears faster. The magnetic field gradient is then turned off and after a 

short time reapplied in the opposite direction. This results in some rephasing of spins 

so the signal increases to a maximum, which is called a gradient echo. Gradient echo 

sequences successfully refocus dephasing spins when the magnetic field is uniform 

across the tissue being examined. However, if the magnetic field is inhomogeneous or 

a significant variation in magnetic susceptibility exists, a phase dispersion will result 

that cannot be fully refocused by gradient reversal techniques. Hence gradient echo 

imaging is suitable for the quantification of susceptibility effects.
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Gradient echo imaging also has the advantage of being faster than spin echo imaging. 

A reduction in imaging time also results from a reduction in flip angle. This means 

that instead of a 90° RF pulse, a pulse that ‘tilts’ the longitudinal magnetisation by 

smaller flip angles (mostly in the range of 10°-35°) is used. Many acronyms are 

assigned to individual pulse sequences of a general class that roughly comprise 

gradient echo techniques with low flip angles (Vogler and Murphy 1988). The more 

common acronyms include GRASS (gradient recalled acquisition in the steady state), 

FLASH (fast low angle shot) and FISP (fast imaging with steady state precession).

L5,6,3 Calculation of relaxation times

Once a series of images has been obtained at different echo times or offsets, the signal 

amplitude in a selected region can be measured on each image and fitted to an 

appropriate model for signal decay, typically an exponential. In bones such as the 

vertebrae however, where bone marrow has different proportions of red and yellow 

marrow (i.e. water and fat), a variation in signal intensity also occurs due to the 

difference in the precession frequency between protons in water and in fat molecules. 

Water molecules precess between 3 and 4 parts per million faster than the fat protons 

(Dixon 1984). The total magnetisation is a vector sum of the water and fat 

magnetisation. At the end of a 90° pulse this is at a maximum but soon goes through a 

minimum when water and fat magnetisation point in opposite directions. This 

behaviour is repetitive at the difference between the water and fat proton frequencies. 

This means that in any volume element (voxel) the signal from protons in water or fat 

can constructively or destructively interfere, leading to an amplitude modulation 

superimposed on the signal decay. There are several ways of overcoming this 

problem. The first is to fit a curve to the modulated signal decay (Wehrli et al 1991; 

Ford and Wehrli 1991) and the second is to sample only at intervals of 4.65 ms, the 

chemical shift difference frequency (215 Hz at 1.5 T) when the fat and water signal 

will be in phase. Wehrli et al (1994) compared these methods of correcting for the 

signal modulation and found that the latter gave curve-fits that were single 

exponential to a high degree and superior to those obtained from sampling at greater 

resolution. An alternative to these methods is to precede the pulse sequence with an 

RF pulse that selectively suppresses one of the spectral components, although this has
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the disadvantage of reducing signal intensity. Use of trabecular bone sites, such as the 

calcaneus, which contain exclusively fatty marrow avoids the problem of differences 

in marrow composition (Schick et al 1994).

1.5.7 Effect of bone marrow

Since the MR signal from trabecular bone results from the bone marrow the properties 

of this material must be considered. Vogler and Murphy (1988) give a summary of 

bone marrow imaging. Red marrow is hemapoietically active, while yellow (fatty) 

marrow is inactive being composed predominantly of fat cells. Yellow marrow has a 

weight of about 1.5 kg in adult men and 1.3 kg in women thus accounting for roughly 

half the total bone marrow weight. Although red marrow accounts for the other half of 

total bone marrow weight, of that marrow classified as red, half is adipose tissue. 

Thus about 0.75 of total adult bone marrow is composed of fat cells. In adult long 

bones, fat is the predominant contributor to the marrow signal pattern. Because of 

differences in fat, water and protein content, the T1 and T2 characteristics of red 

marrow differ from those of yellow marrow, the T1 of red marrow being longer than 

for yellow marrow. T2 will vary according to the fractions of fat, water and protein 

present (Vogler and Murphy 1988).

Conversion of red to yellow marrow occurs during growth and development and has a 

predictable pattern. By the time a person is 25 years old, marrow conversion is usually 

complete and the adult pattern is achieved (Piney 1922; Hashimoto 1960). At this 

time, red marrow is predominantly concentrated in the axial skeleton (skull, vertebrae, 

ribs, sternum and pelvis) and to a lesser degree in the proximal portions of the 

appendicular skeleton (proximal femora and humeri).

Following attainment of an adult pattern, the fractional balance of red and yellow 

marrow contained within axial and proximal long bones may slowly change with 

advancing age. This has been well demonstrated in vertebral bodies where the volume 

of red marrow decreases from a mean of 58 % in the first decade to 29 % by the
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eighth decade (Dunnill et al 1967). Concomitantly, there is an even greater increase in 

the percentage of fatty marrow with age. This rise in fatty marrow is attributed to the 

additional fat cells necessary to replace trabecular bone lost due to osteoporosis 

(Dunnill et al 1967). These changes are similar in men and women. With these 

striking age related marrow changes an age-related shortening of relaxation times 

might be expected in adult vertebra as the relative proportions of red and fatty marrow 

change. Jenkins et al (1989) measured 449 vertebral bodies in 66 patients with 

degenerative disc disease aged from 14-70 years. Seventeen young normals were also 

studied. Results for T1 and T2 were characterised by large variations but no 

correlations with age, sex or vertebral level were observed. De Bisschop et al (1993) 

describe a systematic increase in fat fraction of 4.7 ± 1.4 % per decade of age for the 

L3 vertebral body in 58 female controls and higher increases for corticosteroid treated 

men measured by MR spectroscopy. However no age related changes in T1 or T2 

were observed. Dooms et al (1985) in a retrospective review of 212 spine scans found 

that T1 and T2 decreased with age in men. Female patients showed a small decrease 

for T1 but not for T2.

1.5.8 High Resolution MR imaging

1,5,8,1 Techniques

An alternative to attempting to ascertain the structure of the trabecular matrix by its 

effect on relaxation times is to increase the image resolution so that the trabeculae 

themselves are visible. For this work spin echo imaging is more appropriate than 

gradient echo as gradient echo images may show susceptibility effects at bone edges 

or boundaries with marrow. These images can be segmented into bone and marrow 

pixels by setting a signal intensity threshold. Pixels with signal intensity values above 

the threshold are assumed to belong to marrow and below the threshold to bone. 

Various parameters such as trabecular thickness, spacing and number density may be 

computed directly from the segmented images by the use of appropriate software 

(Chung et al 1995; Chung et al 1995b; Majumdar et al 1996; Majumdar et al 1995). 

Alternatively, the images may be indirectly analysed by texture techniques that
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quantify spatial relationships between pixels in grey level or binary images (Ouyang 

et al 1995; Bezy-Wendling et al 1996; Chen et al 1993). The choice of the threshold 

for segmentation and other image processing steps can influence the accuracy of the 

results as can the image resolution and choice of imaging sequence (Majumdar et al 

1995b). Majumdar et al (1995c) compared results obtained in bone samples by MRI 

and by x-ray tomographic microscopy. The MR images overestimated bone area and 

trabecular width and underestimated trabecular spacing.

1.5,8,2 In-vitro imaging

The potential role of high resolution MR imaging in trabecular bone research has been 

demonstrated by various groups. Kapadia et al (1993) used spin echo imaging at 9.4 T 

to study trabecular bone in rat tibia at 24x24 pm^ to 35x35 pm^ in-plane resolution for 

2D and 76x76 pm^ for 3D images with a slice thickness of 200-250 pm. The images 

were impressive and agreed qualitatively with histologic sections. A good correlation 

between bone area fraction measured from 2D optical images of the specimen surfaces 

and bone volume fraction from 3D MR images was also reported for bone specimens 

from bovine humeri, femurs, and tibia (Hipp and Jansjuwicz 1993). The major 

disadvantage of these techniques, however, is the extensive image acquisition time 

required for obtaining images with sufficient signal to noise ratio (SNR) at very high 

resolution and large data matrix sizes. For example, for a pulse repetition time of 1.5s, 

a 128x128x128 pm^ data set would take about 6.8 hours per signal average to acquire 

(Chung et al 1995). Scan times may be reduced by the use of rapid pulse sequences 

which employ partial flip angle excitation and thus give the speed advantages of 

gradient echo imaging methods but use a spin echo which is insensitive to 

susceptibility induced signal losses at bone and marrow interfaces (Chung et al 1995).

Chung et al (1995b) note that based on the typical trabecular thickness found in 

human bone (100-200 pm) a pixel size of about 50 pm or less is desirable. Slice 

thickness should be small relative to trabecular thickness but thin slices suffer from 

low SNR. Chung et al (1995b) found that slice thicknesses of 100-300 pm gave very 

similar binary images with similar values of bone area fraction. With thicker slices the 

trabecular became progressively less connected and bone area fraction was reduced.

47



Chapter One________________ ___ _________________________________________________ IPtroduçtiQn and RsviSW

1.5,8.3 In-vivo imaging

High resolution MRI on high field machines can give morphometric information but 

these systems, usually of small bore, are unsuitable for use in-vivo. Implementation 

on a 1.5 T clinical system must address problems such as gradient amplitudes, SNR 

and in-vivo subject motion. A number of people have obtained good results in 

producing high resolution images in-vivo with the use of special imaging sequences 

or some adaptation of imaging coils or gradients. Wehrli et al (1995) obtained high- 

resolution images by means of a new 3D partial flip angle spin echo technique at a 

voxel size of 136x136x500 pm^ on a 1.5 T system equipped with 22 mT/m gradients. 

They used a specially made coil which could be opened and placed around the 

subjects wrist. Jara et al (1993) obtained 120x120 pm^ images of the trabecular 

structure of a finger in-vivo in a scan time of 10 minutes but note that the currently 

achievable voxel size in-vivo may not be sufficient for detailed morphometric analysis 

of trabecular bone structure. However Majumdar et al (1995) reported that in-vivo 

images of the distal radius at a resolution of 156x156 pm^ and a slice thickness of 700 

pm could be successfully segmented and analysed to give parameters of trabecular 

structure such as thickness, spacing and number density.

High resolution imaging has important potential for work in laboratory animals in- 

vivo to monitor the action of therapeutic agents. However it holds most promise for 

human in-vivo imaging where it is likely that peripheral bone sites will need to be 

used to achieve acceptable SNR. The image resolution currently achievable, 100x100 

pm^ in the image plane and about 400 pm in slice thickness, is a factor of two worse 

than achievable in-vitro. However direct visualisation of trabeculae in-vivo without 

the radiation dose associated with computed tomography techniques may become a 

valuable tool for monitoring structural changes in trabecular bone and reduce the need 

for invasive bone biopsies.
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1.5.9  ̂ P Studies

Spectroscopy involves separating the signal from a given element into its different 

chemical forms. This is possible because the magnetic field experienced by an atomic 

nucleus is minutely “shielded” or modified by the fields produced by movement of the 

electron cloud that surround nuclei. This produces a “chemical shift” or small 

variation in the resonant frequency. A display of the MR signal as a function of 

frequency is a spectrum, with different chemical forms of an element forming peaks at 

characteristic positions. Conventional MR imaging is performed without 

spectroscopic separation. Consequently the intensity of each pixel is essentially a sum 

of the signals from all the chemical forms of hydrogen, which is predominantly water 

Aisen et al (1989).

As well as *H, some other nuclei including can be used in MR. Magnetic 

Resonance Spectroscopy (MRS) produces a spectral line from the phosphorus 

component of the apatite in bone. Quantification is obtained either by measuring 

spectral lines from phantoms, or by introducing a second spectral line from a known 

amount of reference phosphorus compound. The amount of calcium, the important 

constituent component of bone, can thus be determined (Battocletti et al 1990). The 

use of MRS to measure the mineral content of bone was developed by Brown (1985) 

and subsequently applied to in-vivo measurement in humans (Brown 1986a). Brown 

et al (1988) obtained excellent correlation between the compressive strength of human 

vertebral bodies and the mass and density of apatite measured by *̂P spectroscopy.

Although most current investigators have tried to use MR to elicit structural 

information, Wu et al (1995) and Myers et al (1994) see a benefit in using MR to 

provide true density information avoiding the overlapping structures that complicate 

DXA but without the dose associated with QCT. MRS results from Myers et al 

(1994b) showed excellent correlation with ash weight (r^=0.97) but were about 20 % 

higher. BMC by the MRS method was also highly correlated to ultimate compressive 

force (r  ̂ =0.81). Wu et al (1995) produced images of bovine cortical and trabecular 

bone by quantitative solid state MRI. They used a calibration phantom of differing
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quantities of hydroxyapatite. Both groups note that the technique would be applicable 

to spine and hip.

A measure of in-vivo mineral density could, in theory, be obtained by a combination 

of spectroscopy and imaging (Brown et al 1987). The mass of bone mineral within the 

receiver coil would be measured by MRS, and the volume of bone would be 

determined by proton MRI via the same coil enabling the density to be calculated. 

Battocletti et al (1990) have described the design of a small, low-field, permanent 

magnet spectrometer for use in osteoporosis. However with the current research 

emphasis on organisation rather than amount of bone and the plethora of high 

precision x-ray techniques available, the value of this method must be questioned.

1.6 ULTRASOUND

1.6.1 Introduction

Transmission and attenuation of ultrasound in bone have recently been proposed as 

alternatives to ionising radiation based methods for the quantitative assessment of 

osteoporosis (Langton et al 1990; Heaney et al 1989; Baran et al 1988). Generally, 

ultrasonic waves move faster through relatively denser materials. The velocity of 

ultrasound is related to compressive strength and load bearing capacity (Kaufman and 

Einhom 1993). Hence measurement of ultrasound velocity might be more sensitive to 

changes in the mechanical properties of bone than measurement of the mineral content 

only and could prove to be a more sensitive predictor of an osteoporosis related 

fracture (Langton et al 1990; Heaney et al 1989).

The interaction of ultrasound waves with the medium in which they propagate, results 

in a loss of ultrasonic energy which is called attenuation. Since ultrasound signals are 

reflected and refracted at the borders of trabeculae and bone marrow, ultrasound 

attenuation may represent a measure of trabecular number and continuity. Ultrasound
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attenuation in cancellous bone appears to be related to the structure (specifically the 

porosity, pore size and permeability (McKelvie and Palmer 1991), trabecular 

orientation (Gluer et al 1993) and the density of the bone (Tavakoli and Evans 1991).

1.6.2 Theory

Sound, whether it be ultrasound or audible sound, results from a mechanical 

disturbance in a medium such that each particle in the medium exhibits oscillatory 

movements. As a result of this disturbance a wave is propagated, and it is 

characterised by the areas of compression and rarefaction it produces. The parameters 

of the wave can be defined by velocity, frequency, wavelength, and amplitude. 

Ultrasound is a mechanical sound wave consisting of frequencies above the range of 

human hearing (>20 kHz). The generation of an ultrasound wave is most often 

accomplished by a piezoelectric transducer. This transducer utilises a special material, 

often a ceramic, to convert an electrical signal into a mechanical vibration. When an 

ultrasound wave is propagated through a medium, such as biological tissue, it 

produces regions of temporary compression and rarefaction in the tissue. When the 

oscillatory motion of the particles in the tissue is parallel to the direction of the wave, 

the mode of ultrasound propagation is said to be longitudinal. This is the most 

common mode by which ultrasound travels through tissues. When particle motion 

becomes perpendicular to the motion of the wave, a shear wave is produced. Liquid 

media can only support longitudinal waves; however, solids can support both. Shear 

waves and longitudinal waves propagate within or through a medium. It is also 

possible to have waves that propagate along an interface between two materials, such 

as muscle and bone; these waves are known as surface or Rayleigh waves (Kaufman 

and Einhom 1993). In complex, heterogeneous materials like bone, ultrasound waves 

are generally a mixture of modes, thus increasing the complexity of the analysis and 

experimental investigations. To complicate matters further, conversion from one 

mode to another can also occur.
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The ability of an ultrasound wave to provide information about the medium through 

which it is being propagated depends on the way by which the velocity of the wave or 

the amount of energy transmitted by the wave is altered by the medium. Ultrasound 

velocity can be analytically related to certain specific biomechanical properties. When 

the deformation of bone (strain) caused by a stress (applied force) is elastic, it is 

linearly related to the stress. The slope of the stress-strain curve is Young’s modulus 

of elasticity. It is possible to relate ultrasound velocity to the elastic modulus E  and to 

compressive strength 5' of a material. These are material properties which describe 

mechanical properties of a tissue that are independent of geometry and gross 

architecture. Structural properties (e.g. stiffness and load carrying capacity) are 

mechanical properties that depend on the material properties of a tissue as well as its 

geometry and architecture (Einhom 1992). For homogeneous media, ultrasound 

velocity (V) is dependent on both the Young’s modulus (E) and the density (p) for a 

longitudinal wave by the relationship

I JC

Va — Kaufman and Einhom (1993)
VP

However it should be noted that there is an extremely complex and largely unknown 

relationship between ultrasound velocity and the physical properties of heterogeneous 

materials like bone. Ultrasound velocity is referred to as speed of sound or SOS 

throughout this thesis.

The attenuation of an ultrasound wave occurs by a loss of acoustic energy and results 

in a reduction in its amplitude. Two primary mechanisms can produce this 

attenuation: scattering and absorption. In scattering, the amplitude of the propagating 

wave is reduced because the energy has been redistributed in one or more directions. 

In this case, the amount of scattering depends on both the wavelength of the 

ultrasound signal used and the specific acoustic properties of the medium. Moreover, 

in contrast to velocity, no theoretical relationship between a material’s ultrasound 

attenuation and elastic modulus has been established. In soft tissues the attenuation is 

mainly due to the absorption of ultrasound, whereas in trabecular bone it can also be 

due to the scattering by the trabeculae, which act as successive filters selectively 

diminishing ft-equency components across the transmission band (Schott et al 1993).
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In 1984 Langton et al published the first paper showing that the gradient of ultrasound 

attenuation at frequencies between 200 and 600 kHz provided information on the 

structure and density of bone. The graph of ultrasound attenuation against frequency 

is linear over a certain frequency range and the slope of this graph gives a parameter 

known as broad band ultrasound attenuation or BUA expressed in decibels per 

megahertz (dB/MHz).

1.6.3 Relationship to bone structure and strength

Gluer et al (1993) found that the BUA in 3 orthogonal directions in cubes of bovine 

trabeculae varied by an average of 41 %. This may indicate a dependence on 

trabecular orientation or structure but, as the authors point out, the ultrasound beam 

profile is not homogeneous and the relative contribution of high-frequency signals is 

higher in the central portion of the beam than at the periphery due to the greater 

divergence of low-ffequency components (McKelvie and Palmer 1987). 

Consequently, differences in the BUA signal may also be observed in cases of 

inhomogeneous BMD distribution within the cubes. Nicholson et al (1994) also 

observed differences in BUA and SOS in cubes cut from 29 human vertebral bodies 

when measured in orthogonal directions. However the differences were lower than 

those observed by Gluer et al (1993).

More specific evidence for structural influences on BUA results from a very 

interesting study carried out by Grimm et al (1994) on cylindrical cores cut in the 

superior-inferior direction from human lumbar vertebrae. Ultrasound attenuation was 

measured in this same direction and mean trabecular plate separation (MTPS) was 

obtained for each core by high resolution MRI at 9.4 T. The MTPS that was measured 

was that of the horizontal supporting struts i.e. in the superior-inferior direction. 

Grimm et al (1994) found that ultrasound attenuation at a frequency of 584 kHz was 

highly correlated to MTPS (r^=0.90, p<0.01). However no correction for density was 

reported. Gluer et al (1994) performed an in-vitro study on 20 defatted cubes of 

bovine trabecular bone. They showed that ultrasound parameters were significantly
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associated with bone structure (assessed by microcomputed tomography) 

independently of bone mineral density. In contrast to this Hans et al (1995) found that 

no ultrasonic parameters were related to structural or connectivity measures derived 

by histomorphometry after adjustment for bone volume/tissue volume i.e. density. 

However a linear combination of ultrasound velocity and attenuation measurements in 

cores of human trabecular bone has been shown to correlate significantly with 

biomechanical properties such as ultimate strength and elastic modulus (r=0.69-0.87, 

Hans et al 1996).

BUA unlike SOS is not theoretically related to density. However good correlations 

between BUA and density are often reported. Tavakoli and Evans (1991) measured 

BUA and SOS in 3 bovine bone cores during progressive demineralisation with acid. 

Velocity decreased linearly with decrease of bone mineral (r=0.99). BUA showed the 

same pattern but with lower correlations (r=0.84-0.99). Lin et al (1994) found no 

significant relationship between SOS in cores taken from 70 fresh human vertebral 

bodies and apparent density (dry weight of specimen/total volume. In contrast 

ultrasound attenuation was significantly correlated with apparent density (r=0.63, 

p<0.00001). McCloskey et al (1990b) found that BUA in cores from excised calcanei 

was closely related to physical (apparent) density (r=0.85, p<0.0001) and to density 

measured by QCT (r=0.80, p<0.0001). Agren et al (1991) found a very strong positive 

correlation between BUA and trabecular bone volume (bone volume/ tissue volume) 

measured by histomorphometry in 4 samples of cadaver calcaneus (r=0.99, p=0.008). 

Laugier et al (1994) found a similarly high in-vitro correlation (r=0.97, p<0.001) for 

BUA and BMD in the calcaneus. These correlations are generally higher than found 

in-vivo. A very close relationship between ultrasound parameters and bone density 

would limit the extent of structural information which could be attributable to SOS or 

BUA.
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1.6.4 In-vivo studies

A number of studies have shown the value of ultrasound in the prediction of 

osteoporotic fractures. Porter et al (1990) conducted a prospective study of hip 

fractures in 1414 elderly women in residential care. BUA measured in the calcaneus 

of the 73 women who sustained a hip fracture was significantly lower than that of 

those who did not. Most of the fractures occurred in the women in the lowest deciles 

of the index. Bauer et al (1995) found that the relative risk of vertebral fracture in 442 

multi-centre clinical trial subjects with low calcaneal BUA, femoral neck BMD or 

spine BMD was similar (relative risk=l.7-2.2). Most importantly they found that the 

relative risk of fracture for BUA did not diminish significantly after correction for hip 

or spine BMD. Busacchi et al (1993) found that ultrasound transmission velocity 

(UTV) in the patella and wrist was significantly higher in premenopausal women 

compared to postmenopausal women without fractures and the values in both these 

groups were significantly higher than in postmenopausal women with vertebral 

fractures. Gnudi et al (1995) were also able to distinguish normal women from 

osteoporotic women with vertebral fractures using UTV in the distal radius. 

Ultrasound velocity has also been used to monitor the effect of therapeutic regimes 

(Zerwekh et al 1991). These results confirm the potential of the technique but the 

complexity of the interactions of ultrasound with bone make it difficult to fully 

understand the underlying mechanisms.

1.6.5 Commercial instruments

Several devices have been developed by different manufacturers: the Achilles system 

(Lunar), the UBA 575 system (Walker-Sonix), the Cuba System (McCue Ultrasound), 

the Osteoson (Minhorst) and the Signet (Osteotechnology). Most manufacturers have 

chosen to measure the calcaneus because it contains almost exclusively trabecular 

bone, is readily accessible even in obese subjects and has approximately flat and 

parallel lateral and medial surfaces. It is also thought that its mineral content might
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reflect that of the femoral neck, since they are both load-bearing bones from the same 

limb (Schott et al 1993). However, some of the machines were designed for 

measuring the patella only (Signet) or both calcaneus and the patella (Osteoson). 

Lunar and Walker-Sonix systems have fixed transducers and measure the velocity 

through the heel i.e. bone and soft tissue whereas CUBA and Minhorst systems use 

transducers that are placed directly against the skin and are able to measure the 

thickness of soft tissues overlying the bone and hence correct for this. However Miller 

et al (1993) compared these methods in a large group of women and found a close 

correlation of r=0.98 suggesting that there was negligible gain in diagnostic accuracy 

from performing the additional measurements of soft tissue thickness over the 

calcaneus required to determine SOS in bone alone. The CUBA system measures the 

calcaneus using direct coupling of the ultrasonic transducers to the heel through 

silicone pads instead of the more conventional method of placing the subject’s foot in 

a water bath. The advantage of dry systems is their lightness and portability.

Recently, a new mobile ultrasonic bone instrument, that measures the velocity at the 

tibial shaft, has been introduced (SoundScan 2000, Myriad Ultrasound Systems Ltd.). 

In contrast to current methods that measure the velocity of ultrasound waves 

transmitted across the bone, this new instrument is designed to measure along a fixed 

longitudinal distance of the cortical layer parallel to the bone axis, overcoming soft 

tissue interference. The Signet ultrasound device measures transmission time of a low 

frequency ultrasound pulse across the patella.

These commercial systems measure BUA (dB/MHz), SOS (m/s) or both. As well as 

BUA and SOS, the Lunar Achilles provides a third ultrasound parameter derived from 

BUA and SOS and referred to as stiffiiess. To calculate stiffiiess BUA and SOS are 

first normalised and expressed as a percentage of the mean value for young normal 

women as calculated from the following equations (Blake 1993):
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Normalised BUA = ^0) *100%
75

Normalised SOS =
180

Stiffiiess is the arithmetic mean of normalised BUA and normalised SOS. As is the 

case for bone densitometry, results from different ultrasound machines are best 

compared in terms of relation to measurements on a reference population as absolute 

values differ from system to system.

1.6.6 Instrument factors and measurement problems

1.6.6.1 Phase cancellation

Measurements of broad band ultrasonic attenuation (BUA) are currently made using 

large aperture piezoelectric transducers. Marcus and Carstensen (1975) showed that 

measurements of absorption in inhomogeneous soft tissue can be subject to large 

errors when made with a piezoelectric receiver. As the wave propagates, it is modified 

by the medium due to phenomena such as absorption, scatter and diffraction. This 

results not only in a reduction in amplitude, but also in emerging wavelets arriving at 

the receiver with differing phases. Since a piezoelectric receiver responds to the 

average pressure over the sensing surface, out of phase signals will interfere leading to 

an underestimate of the true intensity of incident ultrasound and therefore an 

overestimate of the attenuation. This effect is called phase cancellation. Petley et al 

(1995) used a new scanning method and found that, as predicted theoretically, the 

measurements of BUA calculated using the phase-sensitive method of analysis were 

significantly higher than those using the phase-insensitive method. However to assess 

the risk of fracture it may be sufficient to compare large aperture BUA measurements 

with those of an appropriate reference population but, since any phase cancellation 

effect is influenced by receiver size, it is essential that all data are obtained using 

receivers of similar dimensions.
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1.6.6.2 Other factors

Bloch (1993) expressed the reservation that the ultrasonic frequencies currently used 

do not give sufficient resolution for quantitative measurements. A number of other 

experimental factors can also affect ultrasound results. Kotzki et al (1994) 

demonstrated that an increase of soft tissue and or fat thickness underestimated 

calcaneus SOS, but had no significant effect on BUA. McCloskey et al (1990) 

measured BUA in the calcaneus of 3 patients before amputation and afterwards 

through various stages through to full dissection and degassing. There was less than 1 

% difference suggesting negligible contribution to BUA by surrounding soft tissues or 

marrow fat.

A material whose cross section is small in relation to the ultrasound wavelength 

generally yields a lower SOS than would be obtained if the cross section were larger. 

Hence a person with a large calcaneus may show a different value for SOS even 

though bone density and quality may be equivalent to that of a person with a smaller 

calcaneus (Kaufman and Einhom 1993). Wu et al (1995b) carried out both in-vitro 

and in-vivo studies to determine the effect of bone size on ultrasound attenuation. In- 

vitro, the BUA of blocks of bovine trabecular bone were greater whole than when the 

blocks were cut into halves and measured individually. The effect was nonlinear and 

on average the BUA of the large blocks was 36 % lower than the sum of the cut 

blocks, showing that BUA is dependent on bone thickness. In-vivo they found that 

BUA was not significantly associated with calcaneal bone width. They consider that 

the natural variability of calcaneal bone width of ± 3 mm would translate into 

accuracy errors of about 1-5 dB/MHz or typically 1-10 % and concluded that the 

impact of bone size in a clinical setting should be relatively small. Even if bone width 

were known, Wu et al (1995b) could find no consistent algorithm suitable for 

normalisation.

1.6.7 Advances

To overcome the problems of transducer positioning resulting in poor measurement 

precision, Laugier et al (1994) used a scanning method with focussed transducers to
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obtain BUA images of the calcaneus at a resolution of approximately 4 or 5 mm. An 

optimum measurement position could then be chosen on the image and compared 

between serial scans.

1.7 MICROCOMPUTED TOMOGRAPHY

The first imaging technique applied to structural analysis of trabecular bone was x-ray 

microcomputed tomography or pCT (Feldkamp et al 1989; Kuhn et al 1990; Bonse et 

al 1994). The highest resolution currently achievable with these devices is of the order 

of 10-15 pm using synchroton radiation (Bonse et al 1994) or of 50 pm with x-ray 

tubes as the source (Feldkamp et al 1989; Kuhn et al 1990). The hardware for pCT 

imaging, however, is not readily accessible. This technology currently uses rotation of 

the specimen rather than the x-ray source/detector to obtain projections at various 

angles, and it is thus confined to the study of small samples. Because of the 

substantial dose required to achieve the necessary SNR ratio, extensions of this 

technology to in-vivo studies are difficult.

1.8 SUMMARY

Histomorphometric studies of the mechanisms by which bone is lost from the skeleton 

with ageing and osteoporosis suggests that preservation of connectivity between 

trabeculae is as important as the amount of bone present. Measurements of bone 

density have been shown to predict future fracture risk but show a large overlap in 

populations with and without fracture (Cummings et al 1990). Ultrasound velocity 

and attenuation may provide information on bone quality but the interpretation of 

results is complex. MRI is a developing technique which has the potential to give 

unique structure related information on bone architecture. Measurements of bone 

density, ultrasound (attenuation and velocity) and MRI parameters have been 

compared in this study both in-vitro and in-vivo. These results are described in
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Chapters Three and Four. In the following chapter the measurement methods are 

described.
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Chapter Two Measurement Methods and 
Precision

2.1 INTRODUCTION

In this chapter all of the methods and equipment used for measurements in-vivo and 

in-vitro by DXA, MRI at 1.5 T and ultrasound are described. Precision studies are 

also described and the results discussed. The techniques applicable to in-vitro samples 

only such as histomorphometry and high resolution MR imaging at high magnetic 

field are discussed in Chapter Three. The results of measurements in the study 

subjects are described in Chapter Four for DXA and ultrasound and Chapter Five for 

MRI. All results, throughout the thesis, are expressed as mean ± 1 sd. Precision errors 

have been determined by calculating the %CV for each set of repeat measurements on 

a subject or sample and then combining these results to give the root-mean-square 

%CV as described by Gluer et al (1995). Where results are not statistically significant, 

this has been denoted as NS in data tables. A glossary of terms is given at the 

beginning of the thesis.

2.2 SUBJECTS

The clinical part of the study was approved by a local ethics committee before the 

study started. Potential volunteers from an existing database were invited to 

participate by letter. Informed consent was obtained prior to any other procedure. All 

volunteers were asked to complete a questionnaire on their medical history. Any 

subjects taking medication such as hormone replacement therapy (HRT) or falling 

outside the inclusion/exclusion criteria given in Section 2.2.2 were excluded from the 

study. Local volunteers, mainly staff, were recruited to make up the premenopausal 

reference group and for the reproducibility studies.
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2.2.1 Description of subject groups

A group of premenopausal and postmenopausal women had measurements by one or 

more techniques from DXA, MXA, MRI and ultrasound. The reference group 

consisted of 20 normal premenopausal women who had DXA measurements of the 

spine, femur and calcaneus and ultrasound measurements of the heel. This set of 

younger women will be referred to as group Y. A separate set of 14 normal 

premenopausal women had MRI measurements only and formed the MRI reference 

group. The main test group consisted of 55 postmenopausal women who fulfilled the 

inclusion/exclusion criteria. This group was further sub-divided into normals (group 

N) and osteopenic women (group O). The definition of osteopenic was based on a 

spine DXA measurement less than 0.96 g/cm^ i.e. a result more than 2 standard 

deviations below the mean for normal premenopausal women according to the Lunar 

Corporation reference database. All 55 postmenopausal women had DXA 

measurements of the spine, hip and calcaneus and ultrasound measurements of the 

heel.

A subset of 32 women with a wide range of BMD and ultrasound values, who were 

not claustrophobic and were available to attend, had MRI measurements of the heel 

and an investigation of the lateral spine by MXA on a Hologic 4500 for vertebral 

fracture classification. It was not possible to measure all subjects by MXA and MRI 

due to equipment availability. Thirty three women also had a repeat of all DXA 

(spine, hip and calcaneus) and ultrasound measurements approximately one year after 

the original measurement. Table 2.1 shows the number of subjects measured by each 

technique. Where the numbers are less than the maximum number in the group it 

means that either a technically satisfactory scan was not obtained, or as in the case of 

MRI, that a subject was unable to attend for a measurement. A summary of the 

subjects details including age, height and weight is given in Table 2.2. The 

postmenopausal osteopenic women were significantly older (p=0.0002) and had more 

years postmenopause (YSM) than the normal postmenopausal women (p=0.0001). 

These differences have been adjusted for in the statistical analysis. There were no 

differences in weight, height, body mass index BMI (weight/height^), age of menarche
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or menopause between the two groups. In the tables, the terms premenopausal and 

postmenopausal are often abbreviated to premen. and postmen, respectively.

Table 2.1 Number of subjects measured by each technique

g# * _________ c.

Premen.
r

Group Y 
n=20

Postmen, 
normal 

Group N 
n=27

Postmen, 
osteopenic 

Group 0  
n=28

DXA
spine 20 27 28
femur 20 26 26
calcaneus 20 27 27
Ultrasound
BUA 20 27 28
SOS 20 27 27
Stiffness 20 27 27
MXA lateral spine 0 17 16
MRI - PRIME 14^ 17 15
Repeat DXA
spine 0 17 16
femur 0 17 15
calcaneus 0 17 16
Repeat ultrasound
BUA 0 17 16
SOS 0 17 15
Stiffness 0 17 15
These are a different set o f premenopausal women to the 20 measured by 

DXA and ultrasound.

Table 2.2 Description of study groups

Group Y Group N Group 0 p-value*

Age (y) 30.0 ±5 .8 58.0 ± 7 .8 68.7 ±10.6 0.0002

Age range (y) 19-39 43-82 47-87 -

Weight (kg) 65.2 ± 10.0 67.7 ± 10.8 65.1 ±11.4 NS

Height (cm) 163.8 ±7 .0 160.7 ±8.1 158.0 ± 8 .0 NS

Age of m enarche (y) 12.8± 1.6 13.3 ± 1.2 13.4 ± 1.6 NS

Age of m enopause (y) 49.2 ± 4 .4 47.3 ±5 .6 NS

Years since m enopause 8.7 ± 10.7 21.3 ± 11.7 0.0001

* p-value for the difference between groups N and O.
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2.2.2 Criteria for selection of postmenopausal group

2.2.2A Inclusion criteria

1. Signed informed consent

2. Female

3. White

4. Postmenopausal (at least 6 months since last menstrual period)

5. Ambulatory

6. Availability for all measurements required.

2.2.2.2 Exclusion criteria

1. Use of HRT for more than 6 months

2. Use of fluoride, calcitonin or bisphosphonates for more than one month

3. Diseases known to affect bone e.g. hyperthyroidism, hyperparathyroidism

4. Use of steroids or other medication known to affect bone

2.3 BONE SAMPLES

Two types of excised bone were used in this study. One set of samples were cut to a 

standard shape and size and the marrow replaced with a standard solution to eliminate 

any differences in bone marrow composition. The other set were left in as natural a 

state as possible after excision and simply preserved in alcohol. The first set were 

twelve samples from the anterior or posterior parts of the L2 or L5 vertebral body of 

sheep, precision cut into cubes of 8x8x8 mm^. The marrow was removed from the 

vertebral bone cubes by placing in 1-1-1 trichloroethane in an ultrasound bath for 4 

hours. The intertrabecular spaces were filled with physiologic saline (9 g per litre) by 

immersion under vacuum for 4 hours. The vertebral cubes remained immersed in 

saline during all measurements and were kept frozen between measurements. To 

ensure that the measurement orientation of the vertebral cubes was reproducible one 

comer of each cube was filed down slightly to act as a marker.
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The other specimens were 12 sheep femur samples comprising the proximal and distal 

ends of 6 sheep femurs. The intact femurs were preserved in 70 % ethanol throughout 

the measurement period. The 12 vertebral cube samples and the 12 sheep femur 

samples were measured by MRI at 1.5 T to determine the relation of MRI results to 

parameters of bone structure determined by histomorphometry. This is described in 

Chapter Three. A measurement of the bone density of the samples is also required to 

determine the extent to which density and structure contribute to a result. Bone 

density was measured by QCT and DXA. Histomorphometry produces a measure of 

the amount of bone present in the samples relative to the total amount of tissue. This 

result was compared to measurements of density by DXA and QCT.

2.4 DENSITY MEASUREMENT

2.4.1 DXA measurements in-vivo

2.4.1.1 Spine andfemur measurements

All subjects had measurements of spine, femoral neck and calcaneus BMD on a Lunar 

DPX-L densitometer (Lunar Corporation, Madison, Wisconsin, USA). Spine and hip 

scans were carried out in accordance with manufacturer recommendations as detailed 

in the Lunar Corporation manuals using standard software. Analysis was also carried 

out in accordance with Lunar conventions. Particular care was necessary with spine 

analysis as in older subjects degenerative changes can influence BMD (Masud et al 

1993). The result for L2-L4 was used in all cases except where artifacts or 

degenerative changes were found in which case the affected vertebra was excluded. 

The precision of DXA measurements of the spine and hip is well described both in the 

literature and by the machine manufacturer. It is usually taken to be 1 % for the spine 

and 2 % for the hip (Mazess et al 1992). These values have been confirmed previously 

with the densitometer used in this study by measurements on 40 volunteers. Generally 

precision results are quoted for normal women but Healey et al (1994) determined that 

lumbar spine precision was comparable in elderly patients with and without scoliosis.

65



Chapter  Two M easurement M ethods and Precision

2.4.1.2 Patient positioning for calcaneus scanning

For measurement of calcaneal BMD a positioning device was used to hold the foot 

during scanning. The item used, which is shown in Figure 2.1, was a test version 

produced by Lunar Corporation, which is attached to the DXA tabletop. The 6 mm of 

perspex at the base of the positioner provides some attenuating material over the 

whole scan area.

Figure 2.1 The foot positioning device used for DXA scanning of the calcaneus

The subject lies on their right side (if the right heel is to be examined) on the scanning 

table. The knee is bent and the foot is strapped firmly into the corner o f the positioner 

with the base of the foot and the heel in contact (Figure 2.1). Rice bags were placed 

under the knee of the side being scanned to bring the foot into its natural orientation as
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when standing. The starting point of the scan was determined by reference to the foot 

and the sides of the foot positioner. Aluminium strips within the positioner appear on 

the scan and act as reference axes enabling a region of interest (ROI) to be placed in a 

position comparable to the region interrogated by the ultrasound beam in the Lunar 

Achilles ultrasound system.

2.4.1.3 Description of calcaneus scan modes

Since there is no recommended software for scanning of the calcaneus, two other 

modes were adapted. One of these was the ‘total body’ mode in the small animal 

software package which will be referred to as mode S and the other was the normal 

clinical forearm mode which will be referred to as mode F. It is important to 

understand the difference between the two modes and the reasons for comparing them. 

Mode F works in a very similar way to the spine and femur modes. Based on the 

measured count rates the program generates profiles. As the x-ray beam moves from 

soft tissue into bone more photons are attenuated causing a steep upward slope on the 

profile. As the x-ray beam moves from bone to soft tissue a downward slope is 

observed on the profiles. The program detects the slopes and places markers on the 

image to indicate the bone edges. All pixels within the bone edge markers are deemed 

to represent bone. The profiles in soft tissue represent baselines which are used to 

eliminate soft tissue density from the bone density calculation. However since the 

anterior part of calcaneus overlaps with other bones of the foot, the automatic 

placement of bone edges does not work. Consequently manual analysis was used. In 

this method a ROI can be placed anywhere on the image. The BMC calculated for the 

ROI will be the sum of the BMC of all pixels contained within the ROI regardless of 

whether they are bone or soft tissue pixels. The area will be the physical area of the 

ROI.

Mode S works differently. In this case a R-value is calculated for each pixel which is 

the ratio of low energy (38 keV) attenuation to high energy (70 keV) attenuation. The 

program distinguishes between the R-value of soft tissue and bone points and uses the 

R-value for soft tissue to determine the density of bone. Hence in mode S each pixel is 

assigned to either bone or tissue. This process is called point-typing. In this mode
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when a manual ROI is placed on the image, the area calculated is not the physical size 

of the ROI but the area of all bone pixels within the ROI. Hence the ROI may lie 

partly outside bone and the BMD value will still be valid. At very low densities, 

however some bone pixels may be misclassified as soft tissue pixels. In this situation 

BMD will be overestimated as the ROI area calculated will be based on bone pixels 

only.

Mode F has the advantage that higher resolution is possible which may lead to more 

accurate placement of ROIs; 0.15x0.15 mm^ is possible, but to achieve reasonable 

scan times 0.6x0.6 mm^ was used. The resolution in mode S is limited to 0.6x1.2 mm^ 

but the point-typing analysis approach means that the BMD of the posterior part of the 

calcaneus can be measured by surrounding it with a ROI of irregular shape. In mode F 

a similar ROI can be used but only BMC can be measured.

2.4,1.4 Calcaneus scanning and analysis

The scan parameters for mode F and mode S are given in Appendix A. One scan in 

each mode was carried out consecutively on each subject without repositioning. 

Analysis ROIs were selected to give information on the variation of bone density 

across the calcaneus and to match the location of measurements by other techniques. 

Analysis ROIs placed on mode F scan images were denoted FR0I2, FR0I3 etc. 

Similarly mode S ROIs were denoted SR0I3 etc. Mode F scans were analysed as 

shown in Figure 2.2 with FR0I2 positioned at a fixed location with regard to the 

reference axes (aluminium markers) regardless of the position of the calcaneus. 

Consequently it is possible for this ROI to include cortex or include areas outside 

bone. ROIl was used only as a positioning aid for R0I2 and was not used for BMD 

measurement. The remaining FROIs were all positioned according to anatomical 

landmarks as described in Figure 2.2. For mode S a fixed ROI was not used. All 

SROIs (3-7) were positioned anatomically again as shown in Figure 2.2.
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Figure 2.2 The position of ROIs used in calcaneus scan analysis

R0I2 (FIXED) is 
positioned at a set 
distance from the 
reference axes to 
imitate the position 
o f  fixed ultrasound 
transducers

R0I3 (WHOLE) is 
an irregular shape to 
totally enclose the 
calcaneus excluding 
the high density 
bone at the boundary 
with the talus and 
cuboid

Reference axes (aluminium strips)

R014 (ANT) is a box 
positioned in the low 
density area in the 
anterior part o f  the bone

R015 (MID) is a box 
centred in the calcaneus 

tween ROIs 4 and 6

R016 (POST) is a box 
located in the posterior 
calcaneus

ROI7 (POST) is a circle 
postioned at the same 
place in the posterior 
calcaneus as the ROI 
used for MRI analysis

2.4.2 DXA in-vivo precision study

Precision values for DXA of the calcaneus are not as well defined as for the more 

commonly measured spine and hip and were determined in this study by 3 scans in 

each mode on 20 subjects with each pair o f measurements (one in mode F and one in 

mode S) on a different day. Subsequent scans were analysed by reference to the 

printout for the first scan but software compare facilities were not used.

The results for all regions o f interest are given in Table 2.3. The arithmetic average 

%CV is also given in the table for easier comparison with results from investigators 

who, in general, have not quoted root-mean-square (rms) values. Use o f arithmetic 

averages for %CV will underestimate precision errors (Gluer et al 1995). Several 

trends are apparent in the data. Firstly, precision is generally better for mode S ROIs 

compared to mode F. Secondly, the largest sized ROI within mode S gives the best 

precision o f all. Thirdly precision is worst within both modes for the anterior region 

(R0I4). For mode F this is largely due to the low BMD in this region as the rms 

average o f the individual subject standard deviations is similar to that for the mid
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region. Results quoted in the literature for the precision of the calcaneus measurement 

are summarised in Table 2.4. They are consistent with the results obtained in this 

study although it is not clear in all cases exactly where in the calcaneus the 

measurement has been made or how the precision has been calculated. Most workers 

who specified a method used the whole posterior part of the calcaneus.

It is interesting that the precision in the mode S is better than in mode F for matched 

regions. On average the difference is approximately 1 % . This would be expected for 

R0I3 which is of irregular shape with parts of the ROI outside bone, especially since 

inclusion of slightly more or less of the high density bone at the talo-calcaneal 

boundary would be expected to have a large effect. It is less easy to understand in the 

ROIs totally enclosed within bone. It is possible that in mode S low density pixels will 

not be classified as bone, reducing the effect of regions of low BMD. The effect of 

ROI size on precision has been commented on by others. Vogel et al (1988) 

recommended the use of as large an ROI as possible to minimise the effect of errors in 

the placement of ROIs in areas of differing density. Also of interest is the surprisingly 

small difference in precision of the fixed region FR0I2 (2.7 %) and the precision of 

the anatomical mode F regions of equivalent density i.e. FROI 5, 6 and 7 (2.2-3.1 %). 

Brooke-Wavell et al (1995) have also attempted to match a DXA calcaneus ROI to an 

ultrasound transducer position and used both a ROI fixed relative to external axes and 

a ROI positioned by anatomical landmarks within the calcaneus. The %CV (they used 

standard error/mean) of their fixed ROI (a 15 mm diameter circle) was more than 

twice that of the same size and shape ROI but positioned anatomically. The values 

were 6.9 % and 2.7 % respectively. The %CV calculated for the fixed ROI (FR0I2) in 

this study was lower than the value obtained by Pye et al (1994) who measured 

calcaneal BMD using a fixed ROI in exactly the same position and of the same shape 

and size. They quoted a %CV of 3.8 for this region but again this was standard 

error/mean rather than standard deviation/mean. A %CV calculated in the same way 

as in this study would be even larger. The differences may be explained by the fact 

that they only used a small test group of 10 women measured twice. In summary the 

values obtained in this study were similar or better than most published results.
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Table 2.3 Precision of DXA measurements of the calcaneus in 20 female volunteers measured three times

Mode and ROI FR0I2 FR0i3 FR0i4 FROiS FR0I6 FROiT SROiS SR0I4 SROIS SR0I6 SROiT
Region ^ 9 Fixed whoie anterior mid posterior posterior whoie anterior ^ mid posterior posterior
Area (cm^) 4.07, .f Syarlabie 2 2 2 4 variable 2 2 2 4
Shape square I irreguiar square square square circie irregular square square square circle
Parameter : r BMD BMC BMD BMD BMD BMD BMD BMD BMD BMD BMD

Mean BMD(C) 
for whole group 0.50 ±0 .08 9.77 ± 1.67 0.36 ± 0.08 0.49 ±0.10 0.45 ±0.08 0.48 ± 0.08 0.75 ± 0.09 0.57 ±0.12 0.75 ±0 .13 0.66 ±0.10 0.70 ±0 .10

%CV
RMS average 2.7 ± 1 .3 2.9 ± 1 .9 3.5 ±2 .0 2.5 ± 1.4 3.1 ± 1 .4 2.2 ± 1.0 0.7 ± 0 .4 2.2 ±1.1 1.2 ± 0 .5 1.3 ± 0 .7 1.3 ± 0 .6

%CV
Arithmetic
average

2 .3 ± 1 .3 2.3 ± 1.9 3.2 ±2 .0 2.3 ± 1.4 2.8 ± 1.4 2.1 ±1.0 0.6 ±0 .4 2.1 ±1.1 1.2 ± 0 .5 1.2 ± 0 .7 1.2 ± 0 .6

rms average of 
individual sds 0.013 0.286 0.012 0.012 0.014 0.011 0.005 0.013 0.009 0.009 0.009
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Table 2.4 Summary of published studies on the precision of DXA bone density measurements of the calcaneus in-vivo

Reference Technique No. of 
volunteers

No. of 
repeats

Type of volunteers %CV ^  Comment

Kotzki et al 1993 DXA 60 2 Normal women 1.28 Whole posterior part of calcaneus
Laval-Jeantet et al 1995 DXA 5 5 # 0.5-1.3 Whole posterior part of left calcaneus
Brooke-Wavell et al 1995 DXA 10 2 Normal women 6.9"

2.7"
15 mm diameter ROI-fixed 
15 mm diameter ROI-anatomical

Yamada et al 1993 DXA 6 2 Healthy volunteers 2.5 Whole posterior part of calcaneus
Sievanen et al 1992 DXA 15 3 3 males, 12 females, 38.1 ± 12.3 y, 

23-61 y
1.3 Rectangular ROI placed over whole 

of posterior calcaneus
Suleiman et al 1994 DXA # # # 1.2
Szucs et al 1992 DPA 6 6 Healthy volunteers 2.8 Range 1.5-4.4
Cummings et al 1990 SPA 20 5 Women aged 65 y and over 1.3 3x5 cm section scanned, the 9 

adjacent lines with lowest value 
averaged to give result

Cheng et al 1993 SPA # # # <2.0 Central calcaneus
Hoshi et al 1993 SXA 50 5 Japanese women, 20-75 y 0.9
Hutchinson et al 1995 SXA 43 3 Men 38.7 ±7.1 y, 26-51 y 0.91 ±0.60 2.7 cm of the central calcaneus at the 

area of lowest BMD
Gluer et al 1992 SXA 19 2 11 females, 8 males 1.22

0.79
ROI site-matched to Walker Sonix 
Normal SXA ROI

Hansen et al 1990 SPA 23 2 Healthy early postmen, women 2.0 18 lines scanned, the 9 with lowest 
value used

Katagiri et al 1994 SXA 4 6 Japanese women 0.59
Lancaster et al 1989 SPA 5 5 Normal women 1.8 Dominant heel (BMC)
Salamone et al 1994 SXA 256 2 Healthy postmen, women 45-76 y 1.06 ±0.99

# - not specified
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2.4.3 Morphometric X-ray absorptiometry

A subgroup of women had lateral spine measurements on a Hologic QDR 4500, 

(Hologic, MA, USA) for the assessment of vertebral status. Subjects were positioned 

supine, with legs raised over a box to flatten the spine and with arms raised above the 

head. An AP scout scan was used to adjust patient position after which single energy 

(one minute) and high resolution dual energy scans (10 minutes) were done. The 

single energy scan shows lumbar endplates clearly while the dual energy scan gives 

better definition in the thoracic spine. Three measures of vertebral status were used. 

Firstly, a visual inspection of the MXA lateral spine scans by a trained radiographer 

unaware of the other BMD and ultrasound results on the patients. Deformed vertebrae 

were identified according to normal clinical practice and listed. The scan was then 

analysed in the usual way by the placement of 6 points on each vertebral body to 

delineate the anterior, mid and posterior heights. The analysis automatically reports 

vertebral deformities according to the algorithms defined by McCloskey et al (1993) 

and Minne et al (1988). The McCloskey deformity index is obtained by comparison to 

adjacent vertebra at 4 levels. Different types of deformity score different points. The 

Minne spine deformity index is usually obtained by normalising all height estimates 

by the corresponding T4 height values as T4 is rarely deformed. In the Hologic 

implementation however L4 is used as the reference vertebra as T4 is difficult to 

visualise. The differences from normal values are reported as the spine deformity 

index for each height parameter at each vertebral level. For each subject the number of 

vertebrae with a non-zero deformity index were noted for the McCloskey and Minne 

methods and denoted NMc and NMin respectively. The McCloskey index suffers 

from only identifying severe fractures whereas in clinical setting it is useful to know 

whether early signs of vertebral deformity are present. Minne 'will identify minor 

fractures but the implementation of the index on the Hologic uses L4 as the reference 

vertebra and if  this is deformed then no fractures will be indicated. However the 

number of vertebra judged as deformed according to the McCloskey method (NMc) or 

the Minne method (NMin) were assessed in the correlation analysis. The visual 

assessment of the number of vertebra deformed was used as the fracture classification 

criteria in this study as it most closely reflects normal clinical practice.
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2.4.4 Density measurements of bone samples with DXA

2.4.4.1 Vertebral bone cubes

The small animal software on the Lunar DPX-L was used for all in-vitro work. The 

foam mattress was removed from the scan table. The 8x8x8 mm^ bone cubes (all 

defatted and infused with saline) were transferred with tweezers into a plastic 

container filled with physiological saline (9 g NaCl per litre of water) to a depth of 2 

cm. The container was placed on a 6 mm thick perspex board. The cubes were 

positioned with great care and were orientated with the trabeculae first perpendicular 

and then parallel to the x-ray beam. Three different small animal scan modes were 

tested, the appendicular mode (recommended by Lunar for the scanning of excised 

bones) at 2 different resolutions and the total body mode. The total body mode has 

been described in the in-vivo section. The appendicular mode is very similar to the 

clinical forearm mode which has also been described earlier, and employs edge 

detection and profiles as opposed to the point typing method of the total body mode. 

The scan parameters are given in detail in Table 2.5. Good quality images were 

obtained in all modes. Analysis involved placing a square ROI of 1 cm^ area around 

each bone cube. In total body mode the total sum of bone pixels within the ROI 

defines the area used for calculating BMD. In appendicular mode, where auto analysis 

is used, the number of pixels within the bone edges defines the bone area.

2.4.4.2 Sheep femur samples

All sheep femurs were scanned fresh after excision before preservation in 70 % 

ethanol. They were scanned in small animal software on 6 mm of perspex with the 

mattress removed. Scan parameters are given in Table 2.5. Apart from the perspex 

board no other attenuator was used. The bones were scanned one at a time, the scan 

time being approximately 11 minutes. Automatic analysis was used. The profiles were 

usually accurately placed by the computer with only a few points needing manual 

correction. Three ROIs were selected as shown in Figure 2.3 and described in Table 

2.5.
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Figure 2.3 ROIs used for the analysis of DXA scans of whole sheep femurs

ROI 1 (PROXIMAL)

ROI 2 (WHOLE)

ROI 3 (DISTAL)

Table 2.5 Scan and analysis details for DXA measurement of bone samples

Bone cubes Sheep femurs
Sample positioning
Attenuator 2 cm saline and 6 mm perspex 6 mm perspex
Position trabeculae perpendicular or 

parallel to x-ray beam
flat, resting on femoral head

Scanning
Software small animal small animal
Scan type append. append. total

body
append.

Mode as described on 
densitometer

1 bone 
Hires

1 bone 
Detail

Hires 
<0.5 kg, 
Slow

1 bone - medium

Voltage (kVp) 76 76 76 76
Current (uA) 150 150 150 150
Collimation fine fine fine fine
Pixel size (mm) 0.15x0.3 0.3x03 0.6x1.2 0.6x06
Sampling interval 1/64 1/64 1/16 1/64
Scan width (mm) 30 30 30 70
Scan length (mm) 120 120 120 170
Time for scan (minutes) 23 14 7 11
Analysis
Method auto auto manual auto, som e manual adjustment 

of bone edges
ROI 1 Square of area 1 cm^ placed 

around each cube
20x5 mm rectangle rotated and 
positioned so as to bisect 
femoral head

ROI 2 to enclose whole bone
ROI 3 20x5 mm rectangle positioned 

between distal condyles
append. - appendicular mode
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2.4.5 Density measurements of bone samples by QCT

The density of each of the in-vitro samples was also measured by QCT on the GE 

Advantage System at St Bartholomews Hospital. Known density standards were 

measured with each sample to allow calibration and calculation of absolute volumetric 

density. However in this study, for comparison between samples, it is sufficient to use 

the Hounsfield (or CT) number due to the linear relationship between density and 

Hounsfield number. The bone cubes were measured immersed in saline with the 

image slice (3 mm thickness) selected to be the same as that used for the MRI 

measurement (Section 2.5.3). The sheep femurs were measured in air; two separate 

slices were obtained for each bone, one through the femoral head and one through the 

distal end. The samples were placed on top of a phantom containing standards of 

known density. The CT number was calculated using a 22 mm^ square ROI for the 

bone cubes which was placed centrally in the cube. For the sheep femurs a circular 

ROI of area 100 mm^ was placed in the proximal and distal ends of the bone.

2.5 MAGNETIC RESONANCE IMAGING AT 1.5T

2.5.1 In-vivo measurements

All in-vivo MRI measurements were made with a standard clinical 1.5 T whole body 

imaging system (Magnetom 63 SP, Siemens, Erlangen, Germany). The hardware 

consists of a passively shielded cryogenic magnet, a gradient system capable of 15 

mT/m, a 60 cm diameter body coil and a range of surface coils. The body coil is 

located in the centre of the magnet within the magnet bore and transmits the RF pulses 

for the excitation of the hydrogen protons within the selected slice. Subjects were 

measured supine with the right heel secured on a receive-only 15 cm diameter surface 

coil. The foot and coil were raised into the centre of the magnet by placing them on a 

polystyrene block. A pad was placed under the knee for the duration of the half hour 

measurement. The measurement arrangement is shown in Figure 2.4. The foot was
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secured in position by placing weighted bags on each side of the heel (only one is 

shown in the photograph) and securing the whole assembly with straps.

T2* and T2 were measured using the PRIME sequence depicted in Figure 2.5. This 

sequence has previously been used for studies of brain iron but this is its first use in 

trabecular bone imaging. It is suitable for this new application because of its 

sensitivity to magnetic susceptibility effects. The value of the PRIME sequence is that 

the data required for a measurement of both T2* and T2 can be acquired in one scan. 

Images were acquired in 13 minutes with TR=3000 ms, field of view (FOV)=200 mm, 

slice thickness=2 mm, matrix size of 256x256, and 2 acquisitions. The initial spin 

echo is at TE=10 ms. After this the protons begin to dephase and a series of 5 gradient 

echoes are acquired at echo times of 18.4, 26.8, 35.2, 43.6 and 52.0 ms. At the next 

spin echo at TE=120 ms the effects of spatial variations in the magnetic field are 

reversed and the signal intensity is increased. Once more a series of 5 gradient echoes 

are produced at echo times of 128.4, 136.8, 145.2,153.6 and 162.0 ms.

Image analysis software was used to position a circular ROI of area 4 cm^ in the 

posterior part of the calcaneus on each of the 12 images, as illustrated in Figure 2.6. 

This ROI was positioned to match R0I7 on the DXA scans of the calcaneus (Figure 

2.2). The mean signal intensity of the pixels within the ROI was measured on each 

image. T2* and T2 were calculated from the slope of the natural logarithm of the 

signal intensity against echo time as shown in Figure 2.7. For T2 the values for the 

two spin echoes were used and for T2* the first six echoes were used. A full set of 12 

images obtained with the PRIME sequence is shown for the calcaneus of a 80 year old 

woman in Figure 2.8. The signal intensity decreases over the first six images and then 

increases again at image 7, the second spin echo image.

Because the PRIME sequence was newly implemented on the Siemens system the 

results for T2* were validated by measuring T2* in a standard CuSO^ solution with 

PRIME and with a standard gradient echo sequence (FLASH). The value of T2* (34.8 

± 1.4 ms) in the standard measured by PRIME or FLASH averaged over 12 

measurements showed no significant difference between the two sequences.
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Figure 2.4 Measurement arrangement for subjects in the Siemens 1.5 T system

a

Figure 2.5 Sequence diagram for PRIME
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Figure 2.6 PRIME image of heel to show placement of measurement ROI

Figure 2.7 Signal Intensity variation with TE for PRIME images of the calcaneus of a 80
year old female
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Figure 2.8 PRIME image sequence for the calcaneus of a 80 year old female

1 ) TE=10.0 ms

■ ■ J A ' .

V 1 •- '

3) TE=26.8 ms

2) TE=18.4 ms

4) TE=35.2 ms

5) TE=43.6 ms 6) TE=52.0 ms
The signal intensity decreases gradually  over the first 6 images due to susceptibility induced effects
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Figure 2.8 continued PRIME image sequence for the calcaneus of a 80 year old female

7) TE=120.0m s 8) TE= 128.4 ms

'V #  n

9) TE=136.8 ms 10) TE=145.2 ms

-

11) TE=153.6 ms 12) TE= 162.0 ms
At image 7 the signal intensity increases after the 180° refocussing pulse and then decreases again
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2.5.2 In-vivo MRI precision study

A study o f  in-vivo precision with the PRIME sequence on 8 young, healthy women 

was carried out. Each scan o f the subject was done in a different week. The results are 

detailed in Table 2.6. These results include one outlier; a single measurement on one 

subject out o f the total 48 measurements. The outlier was a value o f 15.1 ms while the 

other 2 measurements on the same individual were both 11.9 ms. If this value is 

excluded from the results the %CVs in the same order become 4.8, 3.9 and 4.0.

Table 2.6 Precision of in-vivo MRI measurements of the calcaneus

Average %CV

Minimum %CV

Maximum %CV

T2’

6.9 (4.8)

1.2 (0.3)

14.2(7.9)

T2‘

5.5 (3.9)

0.5 (0.0)

11.2 (6.7)

12

3.9 (4.0)

0.6 ( 0 .6 )

8.4 (8.4)

Results excluding the outlying value for one measurement on one 
subject are shown in brackets

A precision value o f 4-7 % seems poor when compared to the excellent precision 

value o f x-ray based technologies such as DXA. However it is similar to some o f the 

values quoted for certain types of commercially available ultrasound machine (see 

Table 2.10) There are few substantial MR precision studies in the literature with 

which to compare these values. Funke et al (1994) quote a CV of 2.5 % for T2* in the 

lumbar spine but give no details o f the number of subjects or measurements. Wehrli et 

al (1995b) measured T2* in the lumbar spine o f 3 controls and found a CV of 7 % for 

a single exponential fit to the data but 26 % for a four parameter fit. Guglielmi et al 

(1994) found that in a study o f calcaneal T2* in 6 young normal volunteers, the 

measurements o f short term precision ranged from 2.2-4.4 %CV in the sagittal plane 

and from 12.1-15.7 %CV in the axial plane depending on the placement o f the ROI.
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2.5.3 MR measurements on bone samples

2.5.3.1 The FISPPSIFgradient echo sequence

The measurement of relaxation times is the route followed by most investigators. 

However measurement of image signal intensity alone can give useful information if 

the image acquisition parameters are selected to maximise the appropriate contrast. 

FISP (Fast imaging with steady state precession) is one of a number of rapid Fourier 

imaging sequences that drive the magnetisation in steady state free precession 

(Redpath and Jones 1988; Hawkes and Patz 1987). The underlying principle is the 

application of a rapid stream of phase coherent RF pulses of equal flip angle at a 

constant repetition time which is less than the T1 and T2 of the sample under 

investigation. The magnetisation of the sample reaches an equilibrium after which the 

signal following each pulse is identical. Immediately before any pulse (except the 

first) there is always some unrelaxed transverse magnetisation which will contribute 

to the signal following the pulse. This allows continuous data collection, making it a 

fast and efficient imaging technique. Both longitudinal and transverse magnetisation 

achieve a steady state and contribute to the signal which is largely a function of 

T1/T2*. Figure 2.9 shows the steady state of the longitudinal and transverse 

magnetisation.
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Figure 2.9 FISP: Steady state of the longitudinal and transverse magnetisation

. . .  . .  . longitudinal
a g n ' s  „ext

longitudinal to each vector decay RF pulse

transverse

The magnetisation cycle in FISP is shown with each net magnetization vector decomposed 
into its longitudinal and transverse components. The formerly transverse and longitudinal 
components (dashed) may once again be decomposed (B). Note that transverse contributions 
are subtracted while the longitudinal contributions are positive and add together (C). After 
the usual growth and decay due to T1 and T2* processes respectively, the cycle is repeated 
with an RF pulse o f opposite sign.

In the FISP sequence the FID part of the steady state signal is refocused by a gradient 

echo. The PSIF sequence is obtained by simply time reversing the FISP time sequence 

scheme and using the signal prior to the RF pulse (hence the name PSIF, which is 

FISP spelt backwards). This part is, in a sense, the result of previous RF pulses and 

can be considered as an RF echo signal (similar to the spin echo technique). Assuming 

the last RF pulse acts to refocus the signal of the second from last RF pulse, the true 

echo time would be TR minus TE which is longer than the indicated echo time 

resulting fi-om the time reversed FISP sequence and gives increased T2* weighting. In 

practice these two sequences can be run as one called FISPPSIF. Two images are 

obtained, one from which the FISP signal can be measured and one from which the 

PSIF signal can be measured.

2.5,3.2 The H IRES spin-echo sequence

As discussed in Chapter One, spin-echo sequences are not useful to quantify 

susceptibility induced effects. Instead the signal intensity for the sequence used will 

depend largely on the amount of bone marrow or saline present. This may provide a 

useful measure in its own right or for correction of the other MRI results which may
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depend on susceptibility effects as well as the amount o f bone marrow or saline 

present. For these reasons the spin echo sequence was included as well as the 

sequences that may provide sensitivity to structure. The spin-echo sequence used was 

termed HIRES as it produced images at a higher resolution (234x234 pm^ x 2000 pm 

slice thickness) than for the other 1.5 T sequences used. It should not be confused 

with the high resolution images 7 T imaging discussed in the next chapter. All bone 

samples were measured using the PRIME sequence described in Section 2.5.1 and 

with the FISPPSIF and HIRES sequences. The acquisition parameters for FISPPSIF 

and HIRES are given in Table 2.7.

Table 2.7 MR sequence parameters for HIRES and
FISPPSIF

HIRES FISPPSIF
TR ms 500 30
TE ms 20 10-47
Flip angle 90 40
Time m inutes:seconds 4:20 8:14
FOV mm 120 160
Matrix 512x512 256x256
Slice thickness mm 2 2
No. of acquisitions 1 1

2.5.3.3 Measurement o f vertebral cubes

The vertebral cubes were all measured in saline solution at a concentration of 9 g per 

litre (which was used as a measurement standard) at a set position and distance 

relative to the surface coil. The measurement arrangement is shown diagrammatically 

in Figure 2.10 and in photographs a and b o f Figure 2.11. Each cube was measured in 

exactly the same set up in a container o f saline so that distance from the coil and depth 

o f saline were constant. The cube was positioned on the zero axis o f the coil in each 

case, and oriented with reference to the marked comer o f the cube. Measurements 

were made in two orientations with the trabeculae perpendicular and parallel to the 

main magnetic field. A slice in the centre o f the cube was selected. Analysis was 

carried out by placing a 3x3 mm^ ROI in the centre o f the cube avoiding the edges 

that may be prone to susceptibility effects. A measurement in the saline solution was 

also taken at a standardised position relative to the cube.
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Figure 2.10 Measurement arrangement for MRI of bone cube samples

Measurement

Image

z axis o f  coil

spacer

z axis o f  coil

□

B eaker sits inside coil

2cm  depth o f  saline 
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2.S.3.4 Measurement o f sheep fem ur samples

The 6 sheep femurs were measured at each end, distal and proximal, in separate scans. 

A 15 cm diameter receive-only surface coil was used with a standard phantom 

containing CuSO^ (2 g per litre) placed in the centre. The appropriate end of the bone 

to be measured was placed in contact with the phantom shown in Figure 2.11c and 

Figure 2.12. In order to ensure that the central slice was imaged a marker was placed 

on the sheep femur. The marker was made by filling a 1 mm internal diameter plastic 

tube with saline to give a bright signal on the image. Figure 2.13 shows images with 

the marker and CuSO^ phantom displayed. A circular ROI of area 123 mm^ was 

placed on the image and used for measurement of the relaxation times T2* and T2 

with the PRIME sequence. All results are averages of at least 2 measurements.
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Figure 2.11 Photographs of the measurement arrangement for MRI of bone samples

a)

b) c)

a) The 15 cm diameter surface coil is secured to a positioner and raised into the centre o f  the 
magnet using the polystyrene block b) The bone cubes were placed in the small beaker o f 
saline solution shown c) The end o f the sheep femur to be measured was placed on top o f the 
CUSO4 standard in the centre o f the coil
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The HIRES and FISPPSIF sequences were run with the same measurement 

arrangements as for PRIME. Measurement of relaxation times produces its own 

correction as it is the change in signal intensity with echo time that is important. 

However, where absolute signal intensities are measured from an image it may be 

necessary to take measures to correct for certain factors. In particular the sensitivity of 

the surface coil falls off very rapidly with distance from the coil centre. This will not 

affect the results for the vertebral cubes as these were always positioned at a set 

distance from the coil and are all the same size. However different sized sheep femurs 

or slightly different positioning of the same bone may result in variations due not to 

the bone itself but to the sensitivity with which the signal from the bone is received by 

the coil. The drop in sensitivity is illustrated by the image of a flood phantom shown 

in Figure 2.14. The sensitivity is greatest at the centre of the coil and decreases with 

distance from the coil. This decrease along the central axis of the coil is described by 

the equation for the magnetic field of a circular loop of wire, and for the current 

situation may be interpreted as

Coil sensitivity along z axis a a^
2 x 3 / 2

where z is the distance from the centre of the coil and a is the radius of the coil. The 

CUSO4 phantom was positioned so that its centre coincided with the zero point of the 

coil. On the MR image the distance between the bone ROI and the zero point was 

measured in pixels and converted to a distance in mm to give z. The correction factor 

was calculated from the equation and applied to the bone signal to correct it to zero 

distance from the coil. Figure 2.15 illustrates this. As well as the signal intensity in the 

bone ROI, the signal intensity in the standard was also measured.
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Figure 2.12 Measurement arrangement for MRI of sheep femurs

Im age slice in d irection  o f  B 15 cm  d iam eter surface coil 

Sheep fem ur

Sm all con ta iner o f  CuSO^ solution 
placed inside the surface coil

D otted line indicates thin saline tube to m ark 
im age slice position
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Figure 2.13 PRIME images of a proximal sheep femur with marker and standard

t
b) Sheep femur and marker

a) Sheep femur with CuSO^ standard and a marker in 
top right corner

Figure 2.14 MRI image of a flood phantom showing the rapid loss of signal with
distance from the coil
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Figure 2.15 Illustration of the correction factor applied to MR images of sheep femur
samples
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2.5.4 In-vitro MRI precision study

The precision of the PRIME, HIRES, FISP and PSIF parameters for the vertebral 

cubes was determined by 3 measurements on 6 samples in different weeks. The 

precision of the PRIME measurements in sheep femur samples was established by 

doing 2-8 repeats on 14 samples giving a total of 51 measurements in all. For the 

HIRES, FISP and PSIF sequences 5 sheep femur samples were measured 3 times. The 

results for the precision study are summarised in Table 2.8.
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Table 2.8 Precision of MRI measurements in bone samples

Average %CV 
vertebral cubes

Average %CV 
sheep femur 

samples

RELAXATION TIME
T2’ bone 8.7 ±5 .0 6.3 ±2 .7
T2* bone 7.7 ±4 .4 4.8 ±2.1
T2 bone 7.7 ±4.4 4.9 ±2.8
HIRES
bone signal 5.8 ±3.4 3.4 ±2 .6
standard signal 7.4 ±3 .4 4.1 ±2.9
bone/standard signal 8.8 ±4 .9 3.5 ±2.1
FISP
bone signal 12 .0±4 .3 3.4 ±2.7
standard signal 15.9 ±7.2 4.8 ±2.1
bone/standard signal 23.6 ±8.1 5.5 ±2 .9
PSIF
bone signal 18.0 ±7.2 5.3 ±1 .3
standard signal 17.3 ±7.8 5.5 ± 1.3
bone/standard signal 29.2 ±11.8 7.9 ±1.2

For the vertebral cubes the precision results for the relaxation times and for the 

HIRES sequence would normally be regarded as poor. However in comparison to the 

results for the FISP and PSIF sequences it is substantially better. Out of the HIRES, 

FISP and PSIF sequences, the signal intensity is highest for the HIRES sequence and 

this shows the best precision. PSIF images showed the lowest signal intensity and the 

worst precision results. It is possible that the small size of the vertebral cubes 

contributes to the bad results due to increased susceptibility effects at the edges, 

although the ROIs were carefully chosen to avoid edge effects. Another reason may 

be imperfect infiltration of saline into the centre of the cubes or artifacts due to the 

long T2 of saline. Dividing the bone signal by the signal in the saline standard caused 

considerable degradation in precision. Consequently the bone signal alone was used 

for future analysis.

Measurements of relaxation times in the sheep femur samples were moderately more 

reproducible than for the equivalent measures in the vertebral cubes in spite of the fact 

that the sheep femur samples are of irregular shape and less easy to position than the
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simple vertebral cubes. T2* was calculated for the CuSO^ phantom after each 

measurement with the PRIME sequence. In all, 28 measurements of the standard 

phantom were made with a mean of 34.8 ±1.4 ms. The %CV of all the measurements 

was 4.2 %.

Precision results for the other sequences were also much better for the sheep femur 

samples than the vertebral cubes at 3 % for the HIRES bone signal and 5 % for the 

same measure with FISP and PSIF. Dividing the bone signal by the standard signal 

reduced precision as was the case for the vertebral cubes. Because of this, for the 

sheep femur samples the measure that will be used for further analysis is the signal 

intensity in the bone ROI corrected for distance from the coil.

Few workers have given details of precision studies in-vitro for comparison with the 

results from this study. Majumdar and Genant (1992) measured T2* in dried human 

vertebral bodies immersed in physiologic saline under vacuum using an asymmetric 

spin echo sequence. They quantified in-vitro measurement precision due to ROI 

selection as 6-14 % (mean 12 % ), due to instrumental factors as 2-11 % (mean 5.6 %) 

and due to long term effects as 20-50 % (mean 32 % ). Compared to these results even 

the worst values obtained in this study are not unreasonable.

2.5.5 Quality control

In view of the poor precision of some of the MRI measures the standards were used to 

monitor system performance. Results for consecutive measurements for each 

sequence are plotted in Figure 2.16 for the saline standard used for the vertebral cubes 

and in Figure 2.17 for the CuSO^ standard used for the sheep femur samples. Any 

result outside the range of mean ± 2  sd was excluded from the analysis and repeated.
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Figure 2.16 MRI QA measurements of the signal intensity of the saline standard used
with the bone cubes
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Figure 2.17 M RI QA m easurem ents o f the signal intensity of the CUSO4 standard
used with the sheep femur samples
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2.6 ULTRASOUND

2.6.1 Measurements

Measurements of broadband ultrasound attenuation (BUA) in the frequency range 

200-600 kHz and SOS in the calcaneus were made using the Lunar Achilles system 

(Lunar Corporation, Madison, WI, USA), which consists of two 2.54 cm diameter 

unfocused transducers mounted coaxially approximately 9.5 cm apart.. The Achilles 

ultrasound bone densitometer comprises a compact unit containing the ultrasound 

transducers, water tanks, heating device and water bath. Acoustic coupling is 

accomplished by submerging the transducers and the heel into water maintained at 

35°C, with surfactant to make the foot wet. One transducer acts as the transmitter and 

the other as the receiver with the heel positioned in-between. The subject sits in a 

chair with one foot in a specially designed water bath. A foot-plate and calf rest aid 

correct positioning of the foot in the water bath. On commencement of a scan, the 

bath fills with water, heated to body-temperature, and a series of ultrasound pulses are 

passed through the calcaneus for 3-5 minutes until sufficient data have been collected. 

The water then drains automatically and the computer completes the analysis of the 

data within 2-3 minutes. The right foot was measured in all subjects. The two 

ultrasonic parameters measured were BUA expressed in decibels per megahertz 

(dB/MHz), SOS expressed in metres per second (m/s) and the “stiffness” index 

(expressed as a percentage of the young adult reference value).

The scanner was calibrated daily, prior to subject measurements, using the calibration 

phantom supplied. This is a neoprene phantom and as acknowledged by many, serves 

at best to monitor system performance. It does not simulate in any way the acoustic 

properties of trabecular bone. Some workers are investigating more representative 

phantoms such as Clarke et al (1994) who describe a new material, made from a 

mixture of epoxy resin and gelatine which mimics the acoustic properties of trabecular 

bone and can be formed into phantoms of appropriate shape. However such items are 

not yet in common use. Phantom evaluation does not fully reflect the real situation 

encountered in clinical practice because of the uncertainties arising from irregular
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bone shapes, orientation (which reflects the trabecular orientation), position of the 

foot in the water bath and influence of fat.

2.6.2 Ultrasound in-vivo precision study

The measurement precision in-vivo for the Lunar Achilles ultrasound densitometer 

was measured in 25 women each of whom had 3 measurements on separate days. The 

mean values for the group and the average %CV are given in Table 2.9.

Table 2.9 Precision of in-vivo ultrasound measurements of the calcaneus

BUA
(dB/MHz)

SOS
(m/s)

Stiffness

Mean for group 114.6 ±10.5 1567 ±41 94.8 ± 17.3

Average %CV 
(rms)

1.8± 1.2 0.5 ±0 .3 2.5 ±1.2

Average %CV 
(arithmetic)

1.4 + 1.2 0.4 ±0 .3 2.3 ±1.2

The results obtained for Achilles precision are in accordance with the values generally 

quoted in the literature for Achilles systems which are summarised in Table 2.10. 

Also in this table are the results for other ultrasound systems. The high precision of 

SOS does not imply better ability to distinguish between osteoporotic and normal 

subjects because of a relatively narrower range of bone ultrasound velocities than the 

range for BUA (Lees and Stevenson 1993; Schott et al 1993). Standardised coefficient 

of variation SCV (individual standard deviation/population dynamic range) is a useful 

parameter for comparison of the performance of different techniques and systems. 

Ramalingam et al (1993) compared the 3 main commercial bone ultrasound machines 

and determined that the Lunar Achilles performed best in terms of CV and SCV. The 

rms %CV for BUA with the values for SOS given in brackets (except for Walker- 

Sonix) were 4.1, 1.5(0.27), 6.3(1.04) and for %SCV were 6.2, 5.1(3.2) and 8.4(11.9) 

for Walker Sonix, Lunar Achilles and CUBA respectively.
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Table 2.10 Summary of published studies on the precision of ultrasound measurements
of the calcaneus in-vivo

Tech
nique

No. of 
sub
jects

No of 
repeats

Type of su g j^ ^ 0 # ^ ÿ
r-r"

Parameter
measured

%cv

Faulkner et a! 
1994

LA 1 26 Young volunteer BUA
SOS

Stiffness

1.8
0.5

2.14
Lees and 
Stevenson 1993

LA 5 5 Normals BUA
SOS

Stiffness

1.38 ± 0 .45  
0.19 ±0 .08  
1.49 ± 0 .59

Minisola et a! 
1995

LA 4 4 Healthy subjects BUA
SOS

Stiffness

2.5
0.3
1.8

Moris et al 1995 LA 10 3-8 Healthy subjects BUA
SOS

Stiffness

1.7
0.3
1.9

Naessen et al 
1995

LA 56 2 Women mean age 67 y BUA
SOS

Stiffness

1.3
0.18
1.5

Yamazaki et al 
1994

LA 5 10 3 young normals 
2 osteoporotics

BUA
SOS

Stiffness

1.0
0.3
0.6

Hans et al 1994 LA 15-25 2-3 Healthy volunteers or elderly 
women

BUA
SOS

Stiffness

1.83"
0.23"
1.9"

Schott et al 1993 LA 20 3 Healthy volunteers BUA
SOS

0.93 ±0.21  
0.15 ± 0 .03

Van Daele et al 
1994

LA 13 2 Rotterdam study subjects BUA
SOS

2.28
0.45

Brooke-Wavell et 
al 1995

WS
eu

30 2 Women 64.1 ± 3.5 y BUA
BUA
SOS

66°
5.4°
0.8°

Salamone et al 
1994

WS 257 2 Healthy postmen, women 45- 
76 y,

BUA 3.60 ± 3.50

Gluer et al 1992 WS 25 2 Women 20-75 y BUA 2.66
Herd et al 1992 WS 15

96
10 Young women, mean age 26 y 

Women mean age 53 y
BUA
BUA

4.2
4.6

Damilakis et al 
1992

WS 5 5 Female volunteers BUA 3.8 ± 1.4

Baran et al 1988 WS 5 2 Women BUA 2.6 ± 0 .9
Kroger et al 1995 WS 9 2 Healthy subjects 35 ± 6 y BUA 3.5
Bauer et al 1995 WS 12 5-8 Postmen, women 55-80 y BUA 5.8
Baran et al 1991 WS 6 6 Women over 50 y BUA 2.9 ± 0 .6
Herd et al 1993 eu 16 10 in 1 

hour
Healthy young volunteers BUA

SOS
6.3
1.04

Massie et al 
1993

WS 7 2 Perimenopausal women 48.5  
± 2 .3  y

BUA 2.6

Roux et al 1993 WS 30 5 in one 
day

Women 57.9 ± 12.2 y, 27-85 y BUA 2.83 ± 1.68

Eastell et al 1995 WS
LA

eu

10 5 Women 19-41 y BUA
BUA
SOS
BUA
SOS

3.1 
1.58 
0.4
3.1 
1.8

ker-Sonix, CU-CUBA 
Results are the average for 5 French centres ^%CV is based on standard error/mean,
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2.7 STATISTICAL ANALYSIS

2.7.1 Study design

A good diagnostic test is able to separate disease cases from normal subjects. 

However, the disease must already be expressed (i.e. fractures present) if it is to be 

detected. In contrast risk factors influence the probability of disease, and exposure 

precedes the disease outcome. In a cohort study, BMD would be measured and related 

to subsequent fractures (incidence). In a cross-sectional study, both BMD and fracture 

prevalence would be documented at the same time. Either design (cohort or cross- 

sectional) can be used to relate BMD to the probability of fracture, although the 

cohort design has fewer potential sources of bias. The current study like many studies 

of osteoporosis is cross-sectional in nature because it is the least expensive and least 

time-consuming method. However the limitations of this approach must be 

recognised. In cross-sectional studies one cannot be certain whether diminished BMD 

(or some other risk factor under investigation) preceded the fracture or whether 

accelerated bone loss may have occurred after the fracture event, possibly as a result 

of subsequent inactivity among the fracture cases.

2.7.2 Correlation analysis

Throughout this study much emphasis is placed on the relationships between 

variables. This may be expressed as the correlation coefficient (r) which represents the 

magnitude of the relationship and the p-value (p) which represents the reliability or 

truthfulness of the relationship. The p-value gives the statistical significance of the 

result i.e. a measure of the degree to which it is representative of the population. In 

this study p-values < 0.05 were considered statistically significant. Tests that measure 

the magnitude of the relationship between variables, determine how differentiated the 

values of the variables are and then calculate what part of this ‘overall available 

differentiation’ is accounted for by instances when that differentiation is common in 

the two or more variables in question. In this study the Pearson product-moment
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correlation was used for all data considered to have a normal distribution. Where 

vertebral fracture status was used as one of the variables this is not valid, as the 

assessment of fracture status involves a yes/no decision of whether a vertebra is 

fractured or not. In this case the Spearman rank correlation was used which is suitable 

for non-parametric data and does not assume a normal distribution. The r  ̂statistic has 

been used to indicate the extent of the variation in one variable ‘explained’ by another.

2.7.3 Tests for differences between groups

The F-test which is used in the analysis of variance was used to assess the significance 

of the difference in means of the test groups. The F-test for two groups with no 

adjustments gives identical results to the t-test. Results for p-values of < 0.05 were 

deemed statistically significant. Factors such as age that may be potential confounding 

variables were adjusted for by inserting them in a linear model before the 

classification variables.

The Z score has also been used to compare the difference between group variables. 

This is a measure of deviation from the reference population expressed in units of the 

population’s standard deviation. The Z score is calculated as follows:

Z score = Patient's value - Mean value for a young normal reference group 
Standard deviation o f the young normal reference group mean

1 0 0



Chapter T w o__________________________________________________________________ M easurem ent M ethods and P recision

2.8 SUMMARY

The work presented in this thesis is divided into an in-vitro study of samples of bone 

from sheep vertebra and femurs which is described in Chapter Three and an in-vivo 

study on pre and postmenopausal women. The in-vivo work is described in Chapter 

Four for the techniques of DXA and ultrasound which use dedicated, commercially 

available equipment and in Chapter Five for the emerging application of MRI at 1.5 T. 

The test groups of 20 premenopausal (Group Y) and 55 postmenopausal women had 

measurements of spine, hip and calcaneus BMD by DXA and ultrasound 

measurements of calcaneus BUA, SOS and stiffiiess. The postmenopausal women 

were classified as normal (Group N) or osteopenic (Group O) on the basis of their 

DXA lumbar spine BMD. A subgroup of 32-33 postmenopausal women also had 

investigations by MRI of the calcaneus, morphometry measurements of the lateral 

spine and a repeat of all DXA and ultrasound measurements after a period of 

approximately one year. The MRI parameters measured were T2* and T2 using a 

newly implemented MR sequence called PRIME which enables these two parameters 

to be measured in one acquisition. T2’, the MR parameter theoretically related to 

magnetic susceptibility induced signal loss is calculated from T2* and T2.

In-vitro, bone samples were measured by MRI at 1.5 T. The relaxation times T2*, T2’ 

and T2 were calculated from the PRIME sequence. Additional information was 

obtained from signal intensity measurements using a gradient echo sequence 

(FISPPSIF) which gives increased T2* weighting and from a spin echo sequence 

which provides a measure of the amount of bone marrow present. In the following 

chapter the techniques of histomorphometry and high field MR imaging are described 

and all in-vitro results presented.
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Chapter Three In-vitro Investigations

3.1 INTRODUCTION

In-vivo investigations are limited by the fact that the structure of the bone of interest 

cannot be studied in detail and it is difficult to isolate variations in the measured 

parameters that are due to density effects as opposed to structural effects. In the 

preceding chapter the techniques that can be applied to both in-vivo and in-vitro work 

have been described. The emphasis in this chapter is on a more detailed study of 

trabecular microstructure for comparison to other techniques. The measures of 

importance include the perimeter, width, number and spacing of trabeculae. 

Quantifying these requires direct visualisation of the trabeculae. The two techniques 

evaluated for this purpose were histomorphometry and high resolution MR imaging.

The choice between phantoms or excised bone samples depends on the application. 

Suitable phantoms are difficult to produce for MR and rely on powdered bone in a 

medium that simulates marrow (Davis et al 1986) or a succession of rods or strings to 

simulate trabecular bone struts suspended in solution (Engelke et al 1994; Selby et al 

1995). The advantage of phantoms is that single parameters may be varied in a 

controlled way such as grain size or string diameter or spacing. However the 

disadvantages are that even in these cases it is difficult to isolate density and structural 

effects (Engelke et al 1994) and to translate the results to the in-vivo situation.

In this study two types of excised bone samples have been used. The preparation has 

been described in Chapter Two. The vertebral cubes were defatted and filled with a 

standard saline solution to provide the MR signal. This eliminates variations that 

might arise from differences in marrow composition. The sheep femurs were 

measured in as natural a state as possible with the marrow intact to simulate the real 

in-vivo situation.
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The order of measurements on the bone samples was as follows, although results have 

not necessarily been reported in this order.

1. MRI at 1.5 T on all samples

2. Density measurements by DXA on all samples

3. Density measurements by QCT on all samples

4. High resolution imaging at 7 T on 8 vertebral cubes and 6  sheep femur samples

5. Histomorphometry on all samples

3.2 METHODS

3.2.1 Histology

3.2.1.1 Introduction

Light microscopy is used to study cell morphology using thin sections of tissue. 

Histology is the scientific study of tissues and their component cells by processing 

biological samples to produce thin sections. These are usually obtained by preserving 

or fixing the tissue which is then embedded into a firm medium to support the tissue 

structures while cutting thin sections of 5-8 pm on a motorised, slow speed, precision 

cutting instrument (microtome). Traditionally, paraffin wax is used as the embedding 

medium, but for mineralised bone, acrylic or epoxy resins may be used which allow 

much thinner sections to be cut and prevent crumbling of the bone tissue during 

cutting. To see cellular details the tissue sections may be immersed in dyes which 

stain different structures. The resolution of structures by light microscopy is of the 

order of 0.2 pm (Stevens and Lowe 1992).

3.2.1.2 Resin embedding

After all non-destructive measurements were completed the sheep femur samples 

were cut on a diamond saw (EXAKT diamond band cutting system, Mederex, Bath, 

UK) with constant water irrigation to remove the central slice from the proximal and

103



Chapter Three___________________________________________________________ In-vitro Investigations

distal ends. These slices and the vertebral cubes were progressively dehydrated in 

increasing concentrations of ethanol from 70 % to 100 % over 5 days and then placed 

in 100 % acetone for 2 days. The medium chosen for embedding was Spurr’s resin 

(Spurr 1969) which infiltrates readily due to its low viscosity and gives good 

morphometric preservation. The resin once made up was kept frozen until required. 

The container of resin was allowed to come to room temperature before opening to 

avoid condensation which would inhibit the polymerisation process. The bones were 

placed in a 50:50 mixture of resin and acetone for 2 days. The concentration of resin 

was increased to 100 % over 4 days. Once in 100 % resin the samples were placed 

under vacuum overnight to ensure good penetration of the resin into the 

intertrabecular spaces. The following day the samples were placed in fresh 100 % 

resin and cured overnight at 60°C.

3.2J.3 Sectioning

The embedded blocks were cut to the required depth on the EXAKT diamond band 

cutting system and then clamped in a motorised microtome. The blocks were trimmed 

by cutting several sections of 10 pm thickness to prepare the surface. The microtome 

was then set to 5 pm thickness and sections cut at low speed. A tungsten carbide 

tipped knife was used to cut the mineralised bone and thus prevent deformation of the 

sections. Each section was gently lifted off the knife with tweezers and floated on a 

60°C water bath. The sections were picked up on labelled glass slides, coated with 

gelatine to help the section adhere to the slide, and pressed against a second slide 

coated with a non stick substance called polytetrafluoroethylene (PTFE). The slides 

were clamped with clips between 2 pieces of solid PTFE to ensure even distribution of 

pressure and placed in the oven overnight. The clips were then removed and the PTFE 

coated glass slide carefully separated from the slide with the section bonded to it. 

Figure 3.1 shows some of these stages.
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Figure 3.1 Preparation of bone sections

c)

a) Cutting embedded blocks with diamond saw b) cutting a section o f proximal femur on a 
microtome c) lifting the 5 pm section o ff the knife before floating on water bath
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3,2.L4 Staining

The slides were placed in metal slide holders in groups of ten. Great care was taken 

throughout the staining process as it is easy to damage the sections by contact with 

other slides. The slides were placed in 50:50 ethanol and sodium hydroxide for 10 

minutes to remove the resin, leaving only the section itself. The slides were then 

placed in 100 % ethanol, fresh 100 % ethanol, 70 % ethanol and distilled water for 2 

minutes each before immersion into toluidine blue stain (1 % toluidine blue in 1 % 

borax). Toluidine blue is a useful stain which gives a clear view of bone edges and 

also osteoid edges. The slides were removed from the stain after 5 minutes and rinsed 

in distilled water to remove excess stain. Each slide was carefully blotted on paper 

and left to dry for 24 hours before mounting. Mounting involves sealing a clear glass 

slip over the section with Depex (disterene polystyrene in xylene). This protects the 

specimen and as the Depex has a similar refractive index to glass it makes the section 

easier to see under the microscope. Figure 3.2 shows stained slides of a section from 

vertebral cube and from a sheep femur sample. The vertebral bone shows the 

trabeculae running in one main direction supported by cross-struts of bone. The sheep 

femur structure is more isotropic.
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Figure 3.2 Bone sections stained with toluidine blue

(a) bone section from a sheep vertebra

b) bone section from proximal sheep femur
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3.2.2 Histomorphometry

3.2.2.1 Introduction

In histomorphometry terminology ‘bone’ normally refers to mineralised bone only i.e. 

excluding osteoid or marrow. A 2D histological section displays profiles of 3D 

structures. Measurements made on these sections are based on the assumption that 

they represent a true geometrical section of zero thickness. Four types of primary 

measurements can be made on these profiles: area, perimeter, distance between points 

and number of points. Measurements may be expressed in either 2D or 3D 

terminology depending on preference. In order to express measurements in 3D 

terminology, correction factors must he applied to convert perimeters to surfaces and 

areas to volumes. Primary measurements are those which are measured directly from 

the sections rather than calculated and include area and perimeter. All distance 

measurements can be sampled directly at multiple locations or derived by indirect 

calculation from measurements of area and perimeter.

3.2.2.2 Image analysis system

In order to measure parameters such as trabecular width, area and perimeter it is 

necessary to view the slides in a controllable way. This was accomplished by 

mounting them on a motorised x-y stage so that they could be viewed by the image 

analysis system. The Magiscan Image Analysis System (Applied Imaging, 

Sunderland, UK) is a full colour system operated at 512x512 resolution running a 

software system called Genias (version 4.6) and attached to a Nikon Microphot FX 

camera operating at 40 times magnification. The section image was captured from the 

microscope via a Sony DXC-M7 video camera with a CCU-M7 control unit. The 

system is calibrated using Genias software and a 50 x 2 pm calibration grid supplied 

by Graticules Ltd, Tunbridge, Kent and traceable to NFL standard (CS-720). The 

system is illustrated in Figure 3.3.
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Figure 3.3 The Magiscan image analysis system
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3.2.23 Measurement of histomorphometry parameters

Semi-automatic image analysis of the prepared slides was carried out with the 

Magiscan image analyser and colour camera. A mask was physically placed on each 

slide to cover the area not required for measurement. The remaining area was of the 

same size and position as the ROIs used for the 1.5 T MRI measurements (Section 

2.5.3). The stage was moved manually and the ‘live’ image viewed until a picture 

within the required ROI appeared on the screen. The image was ‘captured’ to produce 

a fixed digital image which was manually segmented (thresholded) with a light pen 

into bone and marrow. The analysis program generated a series of lines across the 

image at 10 pm spacing (51 lines per field). Lines over marrow were then erased. The 

length of each line within bone (termed an ‘object’) was measured and a) averaged 

across all fields for each sample to give mean object length and b) added for all fields 

to give total object length. The length of the objects was then extended at each end by 

two pixels and the original length subtracted to leave only the extended pixels. These 

pixels were then dilated to form ‘dots’ which mark the intersection of an object with a
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bone/marrow boundary and are called intercepts. The total number of intercepts across 

all fields was noted. The area of trabecular bone was measured and expressed as a 

percentage of the total tissue area sampled. The thresholded bone area of the binary 

image was converted to an outline highlighting the bone perimeter i.e. dra^ving a 

series of arcs along the bone perimeter. The length of each ‘arc’ (line or curve 

representing a bone/marrow boundary) was measured and averaged. This mean length 

was multiplied by the number of arcs to give the total trabecular perimeter. These 

stages are illustrated in the diagrams in Figure 3.4 and in the photographs of the VDU 

screen in Figure 3.5. The stage was then moved in a random scan path to another 

location on the slide and the process repeated. The random sampling method was used 

to avoid bias. The histomorphometry parameters are summarised in Table 5.1. Object 

lengths were used to calculate other parameters and hence values for mean or total 

object length are not given separately in the results section.
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Figure 3.4 Steps in the measurement of histomorphometry parameters

6 ^

%

0y
a) lines placed over image b) lines erased over marrow c) object lengths extended by 2 pixels
d) original object length subtracted and extended pixels converted to dots to mark intercepts

e) detected bone area measured f) bone area converted to an outline and arc lengths measured
to give perimeter
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Çĥ ptgr Throg. In-vitro Investigations

Figure 3.5 Photographs showing the image analysis steps
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In order from top left: a) original bone section b) lines placed over image c) lines erased over 
marrow d) intercepts or dots marked e) detected bone area shown in red f) perimeter marked

in red.
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Table 3.1 Histomorphometry parameters

Term Abbreviation Units Derivation

%trabecular bone %bone Bone area/total area * 100

Mean object length M. obj. len. pm Mean of all object lengths. This is the 
directly measured equivalent of 
trabecular width

Total object length T. obj. len. pm Sum of all object lengths
No. of intercepts N. int. pm Total number of intercepts
Total perimeter T. per. pm

Tün/pnT"
Total trabecular perimeter

Perimeter/area Per./area Total perimeter of trabecular bone 
/total area of trabecular bone

Trabecular width Tr. W. pm 2* total object length/No. of 
intercepts

Trabecular number Tr.N. pm Trabecular area/total area/trabecular 
width

Trabecular separation Tr. S. pm (1/trabecular numberj/trabecular 
width

These terms are also commonly referred to as:  ̂bone area fraction or bone volume/tissue 
volume (BV/TV), mean trabecular plate thickness (MTPT),  ̂mean trabecular plate density 
(MTPD),  ̂mean trabecular plate separation (MTPS).

3.2.2.4 Accuracy and Precision

The accuracy of area, perimeter and distance measurements in a particular section is 

limited by operator skill, section thickness and by calibration. The accuracy of 

measurements in bone histomorphometry is important when deriving absolute values 

for parameters while precision is more important for comparison between specimens 

or sequential measurements. Sufficient fields should be measured to ensure that the 

sample size is representative of the specimen. The optimum number of fields to be 

measured can be estimated by calculating the cumulative mean for a given parameter 

and noting when the mean changes by < ± 5 %. For 2 bone samples and 2 sheep femur 

samples, 6 fields were measured initially. Additional fields were measured in steps of 

6 , 4 or 2 until the mean of all directly measured parameters changed by less than ± 5 

% between consecutive tests. It was found that measurement of 18 fields satisfied this 

criteria which represents a total measured area of 42 mm^. The variation of 

histomorphometry parameters with the number of fields sampled is shown in Table 

3.2 and Figure 3.6. For the vertebral cubes 18 fields represents 66  % of the total cube
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area and four times the bone cube ROI used for 1.5 T MRI measurements. For the 

sheep femur samples which are much larger it represents 34 % of the ROI used for 

MRI.

Table 3.2 Variation in directly measured histomorphometry parameters with number 
of fields sampled for 2 sheep femur samples

Parameter Sample 1 
% difference in mean 

between measurements on

Sample 2 
% difference In mean 

between measurements on
6 and 12 

fields
12 and 18 

fields
6 and 12 

fields
12 and 18 

fields
Mean object length 2.4 1.4 -5.4 -1.7
No. of intercepts 2.0 -1.6 16.5 2.8
Area of trabecular bone 5.6 -0.2 13.2 0.8
Perimeter of trabecular bone 3.0 -0.4 -7.2 3.1

Figure 3.6 Variation of detected bone area in two bone cube samples with number of
fields measured
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The figures indicate the percentage change from the previous point

Two methods were used to quantify the precision of the directly measured 

histomorphometry parameters. By the nature of the samples there will be a large 

variation in most parameters such as object length or arc length so the standard
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deviation of a particular parameter will not represent the precision of the technique. 

Histomorphometry parameters for 10 bone samples were measured in 3 sets of 6 

fields. The mean and standard deviation of the 3 results for each parameter were 

calculated. This method however will overestimate the precision error as the actual 

results were calculated from 18 fields. The standard error of the mean (=sd/Vn) was 

also calculated.

3.2.3 High resolution MR imaging

3.2.3.1 Introduction

Measurements on clinical MRI systems are usually made at magnetic field strengths 

of 1 or 1.5 T. The resolution available on these machines is limited by the field 

strength and the gradients. As a consequence higher magnetic field systems have been 

used for high resolution studies. These are almost exclusively carried out in bone 

samples due to the small bore of the magnets, the long measurement times and the 

effects of physiological motion. With high resolution imaging the objective is simply 

to obtain a high contrast between trabecular bone and intertrabecular space. Usually 

no attempt is made to quantify relaxation times. The marrow present in the 

intertrabecular spaces may be used to provide the signal or this may be removed and 

the spaces filled vsdth a solution that gives high signal intensity such as water or 

saline. The samples used in this study were 8 vertebral cubes prepared as described in 

Chapter Two by removal of marrow and infusion with saline and 6 sheep femur 

samples with intact bone marrow. Only the proximal ends of the sheep femurs were 

used due to image wrap problems with the distal ends.

3.2.3.2 Hardware

The images obtained in this study were acquired on a Bruker Biospec 70/20 

Spectrometer (Bruker Spectrospin, Karlsruhe, Germany). The spectrometer utilises 

superconducting magnet systems and operates at 7 T field strength giving a resonant 

frequency of 300.3 MHz with a bore of 21 cm diameter. Inside the magnet are mounted
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the shim coils, the linear gradient field coils and the RF transmitter and receiver coil. 

Shim coils are used to improve the homogeneity of the main magnetic field. These are 

sets of superconducting and resistive coils wound so that they produce fields, generally 

of the order of a few mT, over the sample volume. The currents through the shim coils 

are adjusted so as to cancel out the inherent magnetic gradients. Gradient coils required 

for spatial localisation produce fields that vary linearly across the sample. Three 

orthogonal gradients 0%, Gy and G  ̂ are used with the origin defined as the magnet 

centre. A frequency generator (source) produces a continuous RF wave. According to 

the pulse program parameters, RF switching produces the pulse, which is then amplified 

and finally sent to the transmitter coil. The same coil can transmit the RF pulses to the 

sample and receive the resulting NMR signal. Alternatively, two coils can be used, a 

large transmitter and a smaller receiver. For the studies at 7 T a single transmitter and 

receiver coil was used. A 7 cm diameter birdcage design coil was used for the 

investigations into sheep femur samples and a 2.5 cm diameter inductively matched 

saddle coil was used for the vertebral cubes. This is shown in Figure 3.7. Both coils 

were tuned and matched (to 50 Q) at the resonant frequency of 300.3 MHz.

3,233 Image Acquisition

The vertebral cubes were placed in a small vial of saline and positioned in the small 

saddle coil in the correct orientation with respect to the marked comer of the cube so 

that the image slice obtained was the same as measured by MRI at 1.5 T and QCT. 

The sheep femurs were measured in a larger coil and positioned so that the femoral 

head was aligned with the long axis of the magnet. After shimming to improve the 

homogeneity of the magnetic field, a scout image (Figure 3.8) was obtained in an 

orientation orthogonal to that of the required slice. From this the final slice position 

was chosen and checked with another scout image. To get a suitable signal to noise 

ratio the acquisition times were approximately 5 hours for each sample. A spin echo 

sequence was used. The scan and image parameters are given in Table 3.3.
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Figure 3.7 The saddle coil used for the m easurem ent of bone cube sam ples in the 7 T
system

»
Figure 3.8 Scout image o f a sheep fem ur sam ple used for slice selection
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Table 3.3 Image parameters for high resolution MRI

Vertebral cubes Sheep femur samples
Sequence Spin echo Spin echo
TR (ms) 600 600
TE (ms) 33 33
FOV (mm) 150 500
Matrix size 256x256 512x512
Resolution in image plane (|um) 58.6x58.6 98x98
Slice thickness (|.tm) 500 500
Scan time (minutes) 300 300

3.2.4 MRI measurements at 1.5 T

As described in Chapter Two, relaxation times T2’, T2* and T2 were calculated using 

the PRIME sequence. In addition ROI signal intensity was measured from images 

obtained using the HIRES, FISP and PSIF sequences, giving a total of 6 basic results 

for each sample. The sheep femurs were measured in one orientation only with the 

image slice in the direction o f the main magnetic field. This is important, as stressed 

in previous chapters, because the magnitude o f T2’ depends on the extent o f the 

magnetic field inhomogeneities in the direction o f the main magnetic field. The 

vertebral cubes were measured as shown in Figure 3.9a with the trabeculae 

perpendicular to the main magnetic field. All results quoted for vertebral cubes, unless 

otherwise indicated, refer to measurements in this orientation. To correct for bone 

mass effects the vertebral cubes were also measured with the trabeculae parallel to the 

main magnetic field (Figure 3.9b). Where it is necessary to distinguish between 

measurements in the perpendicular or parallel direction, the former are denoted as 90° 

measurements and the latter as 0°, referring to the angle between the run o f the 

trabeculae and the main magnetic field.
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Figure 3.9 Orientation of bone cubes for MRI measurements at 1.5 T

Im age Slice lage Slice
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90°
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a) the trabeculae run perpendicular to Bq b) the trabeculae run para I 
The cross marks the reference corner o f the cube.

el to Br

Figure 3.10 shows the first seven images in the PRIME sequence for a bone cube 

measured in saline. The signal intensity o f the saline contained within the trabecular 

spaces o f the cube decreases with increasing TE compared to the signal intensity of 

the surrounding saline, due to magnetic susceptibility effects. Susceptibility induced 

signal loss also occurs at the edges o f the saline solution. Figure 3.11 shows the 

PRIME images for a proximal and distal sheep femur showing the CuSO^ standard. 

Figure 3.12 shows HIRES images o f a proximal and distal sheep femur sample and of 

a bone cube in two orientations. The HIRES images clearly show the trabecular 

structure o f the samples.
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Figure 3.10 PRIME sequence images for a bone cube in saline

TE=IO ms TE=18.4 ms TE=26.8 ms

TE=35.2 ms TE=43.6 ms TE=52.0 ms

TE=120 ms
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Figure 3.11 PRIME sequence images for a proximal and distal sheep femur sample

a) Proximal sheep femur and standard b) Distal sheep femur and standard

Figure 3.12 HIRES images of bone samples

a) Proximal sheep femur and standard b) Distal sheep femur and standard

c) Bone cube trabeculae perpendicular to Bq d) Bone cube trabeculae parallel to B̂
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3.2.5 Bone density measurements

Knowledge of the bone density of the bone samples was required in this study to 

establish firstly whether MRI measurements correlated with density and hence 

whether correction for bone mass effects was necessary where assessing sensitivity to 

structural effects alone. Secondly some of the structural parameters measured by 

histomorphometry may also be related to bone density. The histomorphometry 

technique gives a measurement of the percentage of bone by direct measurement from 

prepared bone sections. This is measured as the area of trabecular bone as a ratio of 

the area of tissue (bone and marrow) examined. This measurement is analogous to 

bone density and was compared with BMD of the bone samples measured by DXA 

and QCT. QCT would be the method of choice as it is possible to image a thin slice as 

in MRI and exclude cortical bone. However since QCT facilities are not always easily 

available DXA was also evaluated.

The bone density of the vertebral cubes was measured with 3 different DXA scan 

modes to find the most appropriate mode. The analysis used ROIs surrounding the 

entire cube. For the sheep femurs the DXA density was measured in three regions, 

proximal, distal and the whole bone with one scan mode . For all samples QCT was 

also carried out.

Since DXA is a directional measurement in the sense that the beam is in a fixed 

direction relative to the specimen it may be able to quantify some aspect of bone 

structure. This was investigated using the bone cubes as these are regular in shape 

with the trabeculae running in clear directions. Scans in 3 modes were carried out with 

the trabeculae of the bone cubes aligned first parallel then perpendicular to the x-ray 

beam.
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3.3 RESULTS

3.3.1 Histomorphometry

3.3.1.1 Precision o f measurements

The two methods of error assessment for the directly measured histomorphometry 

parameters are shown in Table 3.4. The results for %CV from the standard deviation 

from the 3 sets of measurements of 6 fields should give an upper bound for the 

precision error. The standard error method is likely to be more representative of the 

actual error which is 6-7 % for the area and perimeter measurements.

Table 3.4 Histomorphometry precision errors

Parameter %CV from the sd of 3 
measurements on 6  fields

%CV from the standard 
error of the mean for 18 

fields
Mean object length 8.8 1.6

No. of intercepts 4.5 3.6

Area of trabecular bone 7.3 6.6

Mean perimeter per arc 9.2 6.2

3.3.1.2 Histomorphometry results

Results for the histomorphometry variables are given in Table 3.5 for the bone cubes 

and sheep femur samples. The parameters have been defined in Table 3.1 The 

proximal sheep femur samples have a denser structure to the distal samples so the 

results represent an average.
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Table 3.5 Histomorphometry results for bone samples

Parameter

%bone

Vertebral cubes 

mean ± sd

38.5 ± 6.6

Sheep femurs 

mean ± sd

34.5 ± 10.6

N. int. 218 ± 2 2 165 ±31

T. Per. (pm) 7426 ± 694 6827± 1149

Per./area (pm/pm ) 0.0084 ±0.0015 0.0883 ±0.0015

Tr. W. (pm) 277 ± 57 321 ±47

Tr. N. (pm" 0.0014 ±0.0001 0.0010 ± 0.0002

Tr. S. (pm) 441 ±61 658 ± 223

3.3.1.3 Correlation within parameters

Some histomorphometry parameters are not independent e.g. trabecular number and 

trabecular separation. Also some parameters may be related to the amount of bone 

present. The relationships within parameters will depend on the type of bone sample. 

The correlations between the histomorphometry parameters for the vertebral cubes are 

shown in Table 3.6. For the vertebral cubes, number of intercepts, trabecular 

perimeter and trabecular number were not significantly correlated to %bone. The type 

of bone architecture observed in the vertebral cubes is of branching trabeculae running 

predominantly in one direction. In this arrangement it is easy to visualise that many 

thin trabeculae rather than few thick trabeculae will give very different results for 

trabecular perimeter and trabecular number but may give the same result for %bone. 

Trabecular separation and trabecular width may change independently of bone mass, 

as illustrated in Figure 3.13, but at constant trabecular separation a change in 

trabecular width will result in a change in bone mass and vice versa. For the sheep 

femur samples the bone architecture is more isotropic and all the histomorphometry 

variables were significantly correlated to each other.
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Table 3.6 Significant correlation coefficients within histomorphometry parameters for

12 vertebral cubes

Nint. T. per. Per./area Tr. W. Tr. N. Tr. S.

%bone - - -0.87 0.86 - -0.74

N int. 1.00 0.98 - 0.85 0.997 -0.66

T. per. 0.98 1.00 - - 0.98 -0.70

Per./area - - 1.00 -0.97 - -

Tr. W. - - -0.97 1.00 - -

Tr. N. 0.997 0.98 - - 1.00 -0.66

Tr. S. -0.66 -0.70 - - -0.66 1.00

Figure 3.13 Illustration of different trabecular architecture at constant bone mass

I
:

I
(a) (b)

Compared to structure (a), structure (b) shows increased trabecular perimeter and trabecular 
number and decreased trabecular width and trabecular separation for the same amount o f 
bone.

3.3.2 High resolution MR imaging

Figure 3.14 shows the high resolution images obtained of the bone samples on which 

the trabecular structure is clearly visible. A number of problems were encountered 

with this method. The proximal sheep femurs were imaged at an angle to the long axis 

of the sheep femur. Hence with the 5 cm FOV the image started and finished outside
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bone (Figure 3.14b). With the distal end however the required image slice is along the 

axis of the sheep femur. Because the bone extends outside the FOV, image wrap 

occurs where the rest of image is superimposed on the region of interest. For this 

reason high resolution distal sheep femur images were not obtained.

Figure 3.14 High resolution images of a vertebral cube and a proximal sheep femur

i

a) vertebral cube b) proximal sheep femur

The SNR for all samples was poor and necessitated imaging times of the order of 5 

hours per sample. Attempts to increase SNR would mean increasing slice thickness or 

pixel size. The ideal slice thickness for reducing partial volume effects to a minimum 

would need to be small compared to trabecular width which was of the order of 300 

pm for the bone samples used in this study. However images obtained at a slice 

thickness less than 500 pm showed poor SNR and were found to be inferior to those 

obtained at a slice thickness equal to 500 pm.

The pixel size used in this study for the vertebral cubes was 60 pm which is similar to 

the resolution of 50 pm deemed suitable by Chung et al (1995b) based on the typical 

trabecular thickness found in human bone. For the sheep femur samples however the 

minimum pixel size obtained was 100 pm due to the FOV required to include the
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femoral head. The width of the trabeculae may be as small as 200 p,m which means 

that a trabeculae could be only two pixels wide which would lead to a substantial 

partial volume effect.

Hence in terms of either slice thickness, resolution or both, the images obtained in this 

study were considered unsuitable for computerised measurements of bone 

morphometry. These are based on the assignment of pixels to either bone or marrow 

to produce binary images. The bone area is then determined by expressing the bone 

pixels as a fraction of the total number of pixels. The trabecular perimeter is obtained 

by identifying the interface between adjoining pixels of value 0 and 1 in the binary 

image. Using these methods with images obtained at a slice thickness of 200 pm and 

and a pixel size of 50x50 pm^, Chung et al (1995b) found that the errors in bone area 

fraction, trabecular perimeter, trabecular thickness and trabecular separation were 5- 

6% which is comparable to the values obtained in this study for histomorphometry 

parameters. Hence at a greater slice thickness and pixel size (for the sheep femur 

samples), the precision of the high resolution MR imaging technique will be inferior 

to that of histomorphometry. Due to these considerations direct measurements of 

structural parameters were not taken from the high resolution images and 

histomorphometry results were used as the definitive measures of bone structure. 

However the 7 T images clearly show trabecular structure and would be suitable for 

texture analysis methods which are briefly discussed in the section on future work in 

Chapter Six.

3.3.3 Bone Density Measurements

3,3.3,1 DXA of vertebral cubes

The results of bone density measurements using DXA are summarised in Table 3.7 

and vary significantly according to which method of scanning and analysis is used. 

When the results in each mode were compared for the perpendicular orientation, three 

points stood out. Firstly the area calculated by all modes overestimated the true area
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of the cubes (0.64 cm^) which were precision cut. In the appendicular mode profiles 

are used to determine bone edges and all pixels within them are classified as bone. 

The lower the resolution the less accurate the profiles will be resulting in 

overestimation of area. Secondly the BMD calculated in the appendicular auto 

analysis mode was found to depend on the resolution selected. The results in the 

higher resolution mode (0.15x0.3 mm^) were higher by 2.6 % than for the lower 

resolution (0.3x0.3 mm^) mode. This difference was statistically significant for the 

sample of 12 bone cubes with a p-value of 0.006. The BMC calculated in both modes 

was similar but the area measurement in the lower resolution mode was higher giving 

a lower BMD. Thirdly the BMD calculated in the total body mode was 12.7 % higher 

than for the 0.3x0.3 mm^ appendicular mode (p< 1.00x10'^). This is due to a 

combination of a significantly higher BMC (6.0 %) and a significantly smaller 

calculated area (5.9 %).

Table 3.7 DXA measurements in 12 bone cube samples positioned with the trabeculae 
perpendicular and parallel to the x-ray beam.

Mode and 
Parameter

Analysis
method

Resol
ution
mm

Orient
ation to 
beam

BMC
9

AREA
cm^

BMD
g/cm^

Appendicular Auto 0.15x0.3 PERP
PLL

0.284 ± 0.046
0.276 ± 0.042

0.677 ± 0.033
0.680 ± 0.030

0.418 ±0.058
0.406 ± 0.062

Appendicular Auto 0.3x03 PERP
PLL

0.288 ± 0.045
0.280 ± 0.042

0.705 ± 0.031
0.709 ±0.031

0.408 ± 0.057
0.395 ±0.063

Total Body Manual 0 6x1.2 PERP
PLL

0.305 ± 0.051
0.304 ± 0.049

0.664 ± 0.035
0.690 ± 0.040

0.459 ± 0.069
0.444 ± 0.064

PERP-perpendicular, PL ^.-parallel

3.3.3.2 DXA o f sheep femurs

For the sheep femurs the mean BMD of the proximal end ranged from 0.96 to 1.21 

g/cm^. For the whole bone the range was similar at 1.10 to 1.21 g/cm^. The results for 

the distal ROl showed a wider range of values due to the difficulty in excluding the 

high density bone either side of the required slice. The distal results do not correlate
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well with the values for the proximal end or for the whole bone, the respective 

correlation coefficients being r=0.64 and 0.57. There is even less agreement between 

the proximal results and the whole bone results (r=0.47).

3.3.3.3 Comparison of methods

The vertebral cube DXA BMD results correlated very well with the QCT values with 

correlation coefficients ranging from 0.91-0.95 depending on scan mode and 

orientation. Hence with samples such as bone cubes with a regular shape and absence 

of cortical shell, DXA is an appropriate tool for determination of density. DXA 

measurements of the irregularly shaped sheep femurs did not correlate well with QCT 

(r=0.30 for the distal measurement and 0.42 for the proximal ROI).

The measurement of the amount of trabecular bone per unit tissue area (%bone) by 

histomorphometry correlated well with QCT measurements for the sheep femur 

samples (r=0.90, p<0.0001) and for the vertebral cubes (r=0.79, p=0.004). Hence 

either measurement may be used to evaluate the relationship of MRI or 

histomorphometry parameters to bone mass. DXA may be used for regular samples 

such as bone cubes but was less suitable for irregular excised bones.

3.3.3.4 Structural effects with DXA scanning

The results of DXA measurements of BMC, area and BMD measurements in two 

different orientations of the cubes with respect to the x-ray pencil beam are given in 

Table 3.7. BMD measurements were found to be significantly higher with the 

vertebral cubes placed with trabeculae running perpendicular to the x-ray beam than 

parallel to the beam; the difference being 3 % in all three test modes. For the total 

body mode the difference in density between the 2 orientations is related to a 

difference in the area measurement as there is no significant difference in BMC. For 

the appendicular modes it is the BMC that differs while the area values show no 

significant difference. In both modes the net result is an apparently higher density in 

the parallel orientation compared to the perpendicular orientation.
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With the bone cubes orientated with trabeculae parallel to the beam there will be areas 

of very dense bone (along trabeculae) and areas of little bone (between trabeculae). In 

the dense areas beam hardening will occur, changing the x-ray spectrum. This may 

lead to an over-estimation of BMD compared to the perpendicular direction where 

there density is more uniform across the cube.

DXA is commonly considered to provide no structural information but as these results 

show there is a clear difference between different types of structure at constant 

density. However this effect would be difficult to demonstrate in asymmetrical bone 

samples or in-vivo.

3.3.4 MRI measurements at 1.5 T

3.3,4,1 Measurement results

Values of T2’, T2* and T2 for the bone cubes and sheep femur samples are 

summarised in Table 3.8. Results for the distal sheep femur samples are at the lower 

end of the range for sheep femur samples. The correlation between the different MRI 

parameters for the sheep femur samples is shown in Table 3.9. Similarly for the 

vertebral cubes all MR parameters were significantly correlated to each other (except 

T2 with HIRES) with correlation coefficients of 0.60 to 0.99. As with the sheep femur 

samples, the correlation between T2’ and T2* was r=0.99.

Comparison with the values obtained by other groups is complicated by differences in 

sample nature and preparation and also by the fact that few people have measured T2’ 

and no others report signal intensity based methods for comparison to the HIRES, 

FISP and PSIF results. Newitt et al (1995) measured a T2* of 10-13 ms in defatted 

cubes of bovine bone in Gadolinium doped water which is consistent with this study. 

Others have measured defatted human vertebra in water and saline and found higher 

values for T2* (Chung et al 1993; Rosenthal et al 1990; Majumdar et al 1991; Bezy- 

Wendling et al 1996).
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Table 3.8 Summary of MRI measurement results for in-vitro samples

Parameters 12 Bone Cubes 12 Sheep Femur samples
Mean ± sd Range Mean ± sd Range

T2’ ms 18.1 ±4 .9 11.6-25.6 13.4 ± 2 .6 11.2-17.0

T2* ms 14.9 ±3 .8 9.7-21.2 10.2 ± 1 .5 8.9-12.5

12 ms 86.7 ±21.1 58.0-123.5 40.5 ± 2 .7 40.2-48.8

HIRES" 880.0 ± 172.9 575.8-1129.9 1666.7 ±241.5 1397.2-2084.6

FISP" 125.4 ±33.7 63.0-172.8 105.7 ± 17.5 83.0-135.0

PSIF" 53.8 ±21.4 17.7-90.0 39.8 ± 8 .7 29.8-57.6

Table 3.9 Significant correlation coefficients within MRI parameters for 12 sheep femur
samples

T2’ T2* 12 HIRES FISP PSIF

1 2 ’ 1.00 0.99 - 0.85 0.84 0.74

T2* 0.99 1.00 - 0.89 0.86 0.79

12 - - 1.00 0.60 - 0.66

HIRES 0.85 0.89 0.60 1.00 0.94 0.96

FISP 0.84 0.86 - 0.94 1.00 0.93

PSIF 0.74 0.79 0.66 0.96 0.93 1.00

S.3.4.2 Correlation o f M RI measurements with bone density

T2’ and T2* for both sets of samples were significantly correlated to density 

measured by QCT with r=-0.84 to -0.89. Results for HIRES, FISP and PSIF were also 

significantly correlated to QCT with r=-0.82 to -0.95 for the vertebral cubes and r=- 

0.67 to -0.86 for the sheep femur samples. Correlations with %bone were significant 

and very similar to the QCT results for all MR parameters measured in the sheep
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femur samples. For the vertebral cubes correlations with %bone were all significant 

but were lower for %bone (r=-0.68 to -0.78) than for QCT density.

3.3.4.S Correlation o f M RI and histomorphometry results

As shown in Table 3.10 all the MRI parameters (except HIRES) measured in the 

vertebral cubes were significantly correlated to perimeter/area and to trabecular width 

in addition to %bone. No other associations with structural parameters were 

significant. In the sheep femur samples all MRI parameters, except T2, were 

significantly correlated with all histomorphometry parameters with |r| in the range

0.60 to 0.89.

Table 3.10 Correlations between MRI parameters in 12 vertebral cubes and
histomorphometry

T2’ T2* 12 HIRES FISP PSIF

%bone -0.74 -0.78 -0.78 -0.68 -0.78 -0.68

N. int. - - - - - -

T. per. - - - - - -

Per./area 0.67 0.74 0.83 - 0.71 0.65

Tr. W. -0.64 -0.71 -0.81 - -0.70 -0.69

Tr. N. - - - - - -

Tr. S. - - - - - -

The above results show that there is a relationship between MRI parameters and 

structural parameters. However since both MRI and the histomorphometry parameters 

with which significant correlations were observed are well correlated to density it is 

not conclusive proof that MRI is sensitive to structure. As discussed earlier in the 

chapter the two effects of density and architecture are difficult to resolve. In this study 

two methods were use to remove the dependence of MR parameters on density 

without removing the sensitivity to bone structure. These are described in the 

following sections.
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3.S.4.4 Correction o f M RI parameters using the HIRES sequence

The HIRES method is based on a spin echo and hence is not sensitive to structural

effects and should depend only on the amount of bone marrow present. The T2’, T2*,

FISP and PSIF results were divided by the HIRES signal intensity for each bone

sample. This method removed the density correlation from the MRI parameters and

no significant correlations with %bone or QCT density were found in the corrected

parameters.

Of the four corrected measures, two (T2’ and PSIF) showed a relationship to 

structural parameters as shown in Table 3.11.

Table 3.11 Significant correlations of corrected MR parameters and bone architecture

Corrected MR 
parameter

Bone sample Histomorphometry
parameter

r P

T27HIRES sheep femurs Per./area 0.67 0.02
Tr. W. -0.66 0.02

T27HIRES vertebral cubes N. Int. 0.60 0.04
Tr. N. 0.59 0.04

PSIF/HIRES vertebral cubes Per./area 0.58 0.05
Tr. W. -0.61 0.03

Using the HIRES signal appeared to remove the MR sensitivity to density without 

removing the sensitivity to structure. The fact that corrected T2* did not show a 

relationship to architectural parameters whereas the uncorrected results were 

indistinguishable from T2’ in their correlations with structure shows the value of this 

method of correction. This is not the same effect as correction using an actual 

measurement of density such as QCT or %bone. When partial correlations were 

carried out on the original MRI parameters to correct for density directly, using the 

QCT, values there were no significant correlations with any of the parameters of bone 

architecture. It seems that direct density correction removes any structural information
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present, whereas correction of one MRI parameter by another preserves the structural 

information.

3.3.4,5 Correction o f  M R I parameters using measurement orientation

The second method used to remove dependence on density was applied only to the 

vertebral cubes. It employed the pair of results for each of the MRI parameters (T2% 

T2*, FISP and PSIF) obtained by scanning the vertebral cubes with the trabeculae in 

the perpendicular (90°) and parallel (0°) direction with respect to the main magnetic 

field. The 0° results were subtracted from the 90° results to give what will be called 

the ‘net’ results. In both orientations it was the same slice that was imaged and hence 

the same density. Therefore the information contained in each MRI result that relates 

only to density should be the same in both cases and will be subtracted out. This was 

confirmed by the absence of any correlation of the net parameters with QCT density 

or %bone.

T2’net and T2*net were significantly correlated to the number of intercepts, total 

trabecular perimeter and trabecular number. These parameters are powerful measures 

of trabecular architecture relating to the surface available for bone remodelling. The 

net FISP and PSIF showed no significant correlations with the parameters of bone 

structure.

The ratio of the T2’ measurements in the 0° and 90° directions was also investigated 

but did not show a relationship to structural measures.
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Table 3.12 Significant correlations of ‘net’ MRI parameters in 12 vertebral cubes with
bone architecture

Corrected MR 
parameter

Histomorphometry * 
parameter ^

r P

T2’„, N, int. -0.61 0.037
T. per. -0.60 0.038
Tr. N. -0.61 0.035

T 2 * n e t N. Int. -0.66 0.019
T. per. -0.64 0.025
Tr. N. -0.66 0.020

3.4 SUMMARY POINTS

1. Histomorphometry proved to be an effective technique for characterisation of bone 

structure.

2. The high resolution MR imaging technique produced images that showed the 

trabecular structure of the bone samples but the resolution was not suitable for 

obtaining histomorphometry type information.

3. The results for bone area fraction (%bone) obtained by histomorphometry were 

well correlated to density measurements by QCT.

4. All MRI parameters were significantly correlated to bone density by QCT and 

histomorphometric %bone.

5. DXA BMD was found to depend on trabecular orientation in cubes of bone from 

sheep vertebra. This is not likely to be useful in-vivo.

6. MRI parameters uncorrected for density were all significantly correlated to some or 

all of the structural measures of trabecular architecture.

7. T2’ showed a significant correlation to important measures of bone architecture 

including trabecular perimeter and trabecular number independently of density.

8. T2’ was superior to T2* in determining relationship to bone structure when density 

correction was done using the HIRES signal intensity from the structure- 

independent spin echo sequence.
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3.5 DISCUSSION AND CONCLUSIONS

3.5.1 Discussion

3.5.L I  Correlations with density

The histomorphometry technique proved successful in quantifying aspects of bone 

architecture with precision errors in the region of 6-7 % for the basic area and 

perimeter measurements. The bone area fraction (%bone) obtained in this study 

correlated well with the density measurement by QCT. DXA measurements of BMD 

showed similar results to QCT measurements in regular samples but not irregular 

bones of varying size and shape. In all cases where DXA measurements are made it is 

essential to use a constant mode and sample orientation with respect to the x-ray 

beam. From the results presented in this chapter it is clear that MRI results are related 

to bone mass with r  ̂values of approximately 0.65. Hence bone mass seems to explain 

about 65 % of the variation in T2’ and T2*. This is consistent with the work of Chung 

et al (1993) who found a correlation coefficient r of 0.78 between R2’ and bone area 

fraction measured from high resolution MR images in human lumbar spine 

specimens. However in phantoms made of ground bone, Sugimoto et al (1992) found 

a much higher correlation between 1/T2* and calcium density of r=0.99.

3.5.L2 Structure independent o f  density

Trabecular perimeter, number density, width and spacing are clearly measures of the 

spatial organisation of bone. However as shown in this study they may all be 

significantly correlated to the amount of bone present depending on the complexity of 

the type of bone sample. For example in the sheep femur samples, trabecular 

perimeter and trabecular number were dependent on density but the same parameters 

were independent of density in the vertebral cubes. Each of the basic MRI parameters 

used, uncorrected for bone mass, were significantly correlated to some or all of the 

structural parameters measured. Many of these results were no longer significant once 

corrected for bone mass either by using the MRI results from a spin echo sequence 

sensitive only to amount and not structure of bone or, for the vertebral bone cubes, by
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using the difference in MRI parameters measured in the same sample slice but with 

the trabeculae at 0° and 90° to the magnetic field.

The corrected MRI parameters provided the most important result of this thesis. MRI 

is capable of providing information related directly to important measures of bone 

architecture independent of density. Specifically T2’ was significantly correlated to 

the total trabecular perimeter, the number of intercepts between bone and marrow, 

trabecular number, trabecular width and perimeter/area. The PSIF results were 

significantly correlated to trabecular width and perimeter/area only. The correlation 

coefficients are very similar in each case and indicate that these parameters of 

trabecular structure explain about 40 % of the variation in the relevant MRI 

parameters.

3.5.1.3 T2* versus T2*

Both T2’ and T2* have been used throughout this study and have generally shown 

similar results, patterns and correlation coefficients. Theoretically however T2’ is the 

parameter of choice for sensitivity to susceptibility induced line broadening. This was 

evident in this study when results were corrected using the HIRES sequence. T2’ 

showed a significant correlation to the number of intercepts between bone and marrow 

and to trabecular number while T2* showed no significant correlations. However 

when the density correction was done using the measurements in different orientations 

to the main magnetic field, T2’ and T2* showed very similar results. These results 

show the complexity of the information contained in the MRI parameters. Each 

parameter depending on the sequence from which it is derived may have a slightly 

different sensitivity to density or structural effects and hence to methods of density 

correction. In addition, since T2’ is calculated from two measured parameters, T2* 

and T2, it is less precise than T2* (see Chapter Two). Hence even if T2’ were more 

sensitive to structural changes this may be clouded by the poorer precision. The bones 

measured in this study showed narrow ranges of T2 which to some extent obviates the 

need to measure T2’ as opposed to T2*. This would not be the case, if for example, 

measurements were made in the human spine or proximal femur where differences in 

bone marrow composition might affect T2.
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3.5.1.4 Relationship to osteoporosis

The confirmation that T2’ depends on trabecular perimeter and number density 

confirms the potential of MRI in the characterisation of osteoporosis. Gradual 

thinning of trabeculae will have little impact on trabecular perimeter and number 

density but also little impact on biomechanical competence and hence fracture risk. 

Loss of entire trabeculae and conversion of plates to rods will have drastic effects on 

biomechanical competence and greatly reduce both trabecular perimeter and 

trabecular number. Trabecular perimeter and number density relate to the trabecular 

surface which, as discussed in Chapter One, is in contact with the cells that form and 

resorb bone. A non-invasive way of characterising this surface is an exciting prospect.

J.5 ./.5  Confirmation o f  magnetic susceptibility effects

The connection of T2’ to trabecular perimeter and number found in this study also 

confirms the mechanism of susceptibility induced line broadening. This rests on the 

fact that a rapid transition between bone and marrow will cause local magnetic field 

inhomogeneities resulting in shorter T 2\ Since field distortions are maximised 

perpendicular to the main magnetic field (Selby et al 1995) the susceptibility theory 

requires that T2’ is correlated to the number of transitions between bone and marrow 

in this direction which has been shown in this study.

3,5.1.6 High Resolution MR imaging

Histomorphometry is a time consuming process and the nature of the technique 

prevents specimens from being studied in other planes. An alternative method of 

studying trabecular architecture is desirable. High resolution imaging requires little 

sample preparation but in this study proved unsuccessful in producing images of the 

required resolution. Direct assessment of histomorphometry-type parameters directly 

from high resolution images is difficult due to fact that the structural parameters 

measured depend on the image sequence used, the resolution and the segmentation 

procedures. These can cause substantial inaccuracies in the measurements (Majumdar 

et al 1995b). However other investigators have compared MRI measurements to bone 

structure using high resolution MR images for the determination of parameters such as 

trabecular number, width and spacing (Chung et al 1993; Majumdar et al 1996;
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Majumdar et al 1995), although no published studies describe any correction for bone 

mass. Subject to this reservation Chung et al (1993) observed a significant correlation 

between 1/T2’ and trabecular number (r=0.74) and thickness (r=0.63) but not vyith 

bone perimeter.

3.5.2 Conclusions

The most important result of this study is that MRI has been shown to relate to 

trabecular structure independently of density. T2’ depended on the total perimeter of 

trabecular bone and on the number density of trabeculae. This is in exact accord with 

the proposed mechanism of magnetic susceptibility induced signal loss as the 

explanation for MR sensitivity in osteoporosis. The greater the surface of bone and the 

number of trabeculae in a given distance the less homogeneous the magnetic field, the 

shorter T2’ will be. T2’ was shown to be superior to T2* in some cases for the 

quantification of structural effects.
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Chapter Four In-vivo Investigations with DXA 
and Ultrasound

4.1 INTRODUCTION

Much work with DXA of the lumbar spine and femoral neck has been carried out by 

many investigators. Less attention has been devoted to the calcaneus since the days of 

SPA measurements. In this chapter BMD measurements at various regions of the 

calcaneus are described and compared to BMD measurements of the spine and 

femoral neck. Calcaneus BMD measurements are also compared to ultrasound BUA, 

SOS and stiffness measurements of the heel. There exists a plethora of studies 

comparing DXA of the spine and femoral neck to ultrasound of the heel but once 

again site-matched investigations are much less common. In this study an attempt has 

been made to measure the BMD of the calcaneus at exactly the same position on the 

heel where the fixed transducers of the ultrasound equipment are located.

All parameters have been measured in the premenopausal women (group Y) and in the 

normal (group N) and osteopenic (group O) postmenopausal women defined in 

Chapter Two. Variations with age, weight and height are described and the ability of 

femoral neck BMD, calcaneus BMD and ultrasound to detect spinal osteopenia is 

compared. The difference in age and YSM between the postmenopausal groups has 

been taken into account as described in the statistical analysis section in Chapter Two. 

The difference in YSM results from the difference in age between the groups rather 

than a difference in the age at menopause which although slightly lower for the 

osteopenic women was not significantly different between the groups. There was no 

significant difference for weight, height or BMI.

Finally the ability of both techniques to predict fracture prevalence is compared in 33 

postmenopausal women who had vertebral morphometry measurements and 

correlations with fracture status are discussed. Throughout the chapter summaries of
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values given in published studies are presented in the form of tables. Where hip BMD 

is referred to, this indicates a measurement at the femoral neck.

4.2 MEASUREMENTS IN NORMAL AND OSTEOPENIC 
WOMEN

4.2.1 Bone mineral density by DXA

4.2.1.1 Measurement results in the calcaneus

The results of calcaneal BMD and BMC are given in Table 4.1 for each ROI assessed. 

Mean calcaneal BMD measurements for group O in mode F ranged from 0.23 ±0.10 

g/cm^ in the anterior region to 0.35 ± 0.08 %/cm in the region of the calcaneus where 

ultrasound transmission measurements were made (FR0I2-fixed). Values were higher 

for mode S. Results ranged from 0.42 ±0.10 g/cm^ in the anterior region to 0.55 ± 

0.09 glcm for the whole posterior part of the calcaneus. For group N the regions of 

highest and lowest BMD were the same as for group O. The corresponding mode F 

range for normal postmenopausal women was from 0.33 ± 0.09 to 0.48 ± 0.009 g/cm^ 

and the mode S results ranged from 0.54 ± 0.14 to 0.73 ±0.12 g/cm.  A number of 

authors have published results for calcaneus BMD although the area of measurement 

is not always specified. A summary of these studies is given in Table 4.2. Most of the 

results for DXA systems fall within the ranges found in this study for mode S. Only 

the results of Yamada et al (1994) seem more consistent with mode F values. All the 

quoted BMD results from SPA systems are lower than seen in mode S in this study 

but are in good agreement with mode F values.

In order to establish the value of each calcaneal ROI for clinical use the difference in 

group means and Z scores were used. Table 4.1 shows the adjusted p-values for the 

comparison of means for groups O and N. There is a highly significant difference in 

calcaneus BMD or BMC for all ROIs measured except for one ROI in the anterior part 

(SR0I4). The Z scores are also given in Table 4.1 and illustrate the difference in 

calcaneus BMD in groups O or N compared to group Y expressed in terms of the
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standard deviation of group Y. The highest Z score observed in group O was for the 

mode S whole calcaneus ROI.

Table 4.1 Results for BMD of different regions of the calcaneus measured by DXA

. FR0I2 FR013 FR014 FR0I5 FR0I6 FR017 
. fixed whole ant mid post circle 
 ̂ BMD BMC BMD BMD BMD BMD

Group Y
mean 0.50 ±0.07 10.07 ±1.63 0.37 ± 0.08 0.50 ± 0.08 0.45 ±0 .06 0.48 ±0.06

Group N
mean 0.48 ± 0.09 9.59 ±2 .25 0.33 ±0.10 0.45 ±0 .10 0.46 ± 0.09 0.48 ±0.09

Z score -0.30 ± 1.30 -0.30 ± 1.38 -0.49 ± 1.15 -0.71 ± 1.30 0.11 ± 1.37 -0.06 ± 1.39

Group 0
mean 0.35 ±0 .08 6.77 ±2.01 0.23 ±0.10 0.33 ±0 .09 0.32 ±0 .08 0.34 ±0.08

Z score -2 10 ± 1 1 2 -2.03 ± 1.23 -1 .75±  1.15 -2 18 ± 1 1 4 -2.06 ± 1.25 -2.24 ± 1.26

p-value* 0.0005 0.005 0.03 0.02 0.0001 0.0001

SR0I3 SR0I4 SR0I5 SR0I6 SR0I7 
whole ant mid post circle 
BMD BMD BMD BMD BMD

Group Y
mean 0.75 ±0 .08 0.59 ±0.12 0.76 ±0.11 0.66 ± 0.08 0.70 ± 0.08

Group N
mean 0.73 ±0.12 0.54 ±0.14 0.69 ±0 .14 0.68 ±0 .13 0.70 ±0.13

Z score -0.24 ± 1.50 -0.45 ± 1.17 -0.67 ± 1.33 0.22 ± 1.54 0.06 ± 1.55

Group 0
mean 0.55 ±0 .09 0.42 ±0.10 0.51 ±0 .10 0.49 ±0 .10 0.51 ±0.10

Z score -2.51 ± 1.13 -1.48 ±0.82 -2.35 ± 0.97 -2.07 ±1 .25 -2.30 ± 1.22

p-value* 0.0001 0.051 0.001 0.0001 0.0001

All results for BMD are in g/cm . Results for BMC are in g.
* p-value for difference in means o f groups N and O adjusted for age, YSM and BMI
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T a b le  4.2 S u m m a ry  o f  p u b lish ed  v a lues fo r th e  bone m in e ra l density  o f  th e  ca lcan eu s in-vivo by p h o to n  a b so rp tio m e try

Reference * Type of subjects Age y BMD g/cm' kRfgion measured/comment 4

DXA
Laval-Jeantet et al 1995 90 normal

41 vertebral fracture
59.5 ±8 .2  

65.4 ±10.3
0.54 ±0.10 
0.48 ± 0.08

All m easurem ents in posterior part of left 
calcaneus

Yamada et al 1994 77 controls 
22 vertebral fracture

67 ± 5
68 ±10

0.43 ±0.12 
0.31 ±0.18

p<0.002 for difference between controls and 
osteoporotics

Waud et al 1992 24 premen. women 
40 postmen, women

0.63 ±0.09 
0.55 ±0.11

p<0.05 for difference pre and postm enopause

Roux et al 1993 30 women 53.0 ± 12.7 
(23-71)

0.50 ±0.12 BMD measured in the area of the tuberosity 
selected for the ultrasound studies

Heinonen et al 1995 25 sedentary controls 23 ± 8 0.63 ± 0.06
Uusi-Rasi et al 1994 31 healthy premen. active 

30 healthy premen. sedentary
0.67 ±0.08 
0.62 ± 0.09

Difference not significant

DPA
Johansson et al 1993 309 Swedish women 70 0.32 ±0.09
SXA
Hoshi et al 1993 473 Japanese  women 20-75 0.41 ± 0.06 to 

0.23 ±0.04
Depending on age

Katagiri et al 1994 328 healthy Jap an ese  women 0.45 ± 0.07 to 
0.24 ±0.05

Age 20-29 y to age 70-79 y

Salamone et al 1994 259 healthy postmen, women 45-76 0.43 ± 0.08
SPA
Cauley et al 1994 273 white women 73.6 ± 5 .8 0.38 ±0.09
Cheng et al 1993 188 Finnish women 75 0.37 ±0.11 Heel scanned in 2 orthogonal directions
Cummings et al 1993 8134 American women over 65 0.40 ±0.1 Scanned 3x5 cm section of the calcaneus
Hansen at al 1990 144 healthy women (0.5-3 y 

postm enopause)
45-54 0.48 ± 0.08 Heel immersed in water, 18 lines scanned, 

lowest 9 consecutive used for BMC
Ross et al 1987 128 premen. women 

1083 postmen, women
38 (30-45) 

64
0.41 ±0.07 
0.31 ±0.08
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4.2.1.2 Variation in bone density across the calcaneus

Figure 4.1 shows a representation of the variation in bone density for mode S across 

the calcaneus for the 3 groups studied. The BMD is markedly lower in the anterior 

part of the calcaneus. Compared to the mid region the difference is about 20 % 

whereas results for the mid, posterior and whole calcaneus vary by less than 6 %. 

Hence it appears that as long as the very low density anterior part of the calcaneus is 

avoided the BMD of the calcaneus is fairly homogeneous. This would explain the 

good agreement of results obtained in this study compared to published values which 

have usually been made in the posterior part of the calcaneus, although in many cases 

the precise location of calcaneal ROI has not been detailed. Many workers with SPA 

have used the method of Vogel et al (1988) who stressed the importance of using a 

large ROI to improve reproducibility by averaging out local inhomogeneities in BMD. 

They scanned the central calcaneus and used the 9 sequential scan rows giving the 

lowest mineral content.

Figure 4.1 Distribution of DXA BMD in the calcaneus

WHOLE POST. MID.

Region in calcaneus

O Premen.

i ■  Normal

□  Osteopenic

' —

ANT.

4.2.1.3 Choice o f  optimum measurement sites

Out of the 11 ROIs studied three sites for further analysis were chosen and only these 

will be used for further comparisons. The ROIs were selected on the basis of matching
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to the site of measurements by other techniques, precision and discriminatory ability 

based on the difference in means between groups N and O and the Z scores for these 

groups. The fixed ROI (FROI2) was matched to the site of ultrasound measurement 

and was chosen for this reason alone. The other two ROIs were used for general 

comparisons. The posterior calcaneus ROI was matched to the location of the MRI 

measurement. It exhibited good precision (Section 2.4.2) and Z score. The whole 

calcaneus ROI showed excellent measurement precision and the highest Z score and 

was chosen as the third region. The characteristics of each ROI are given in Table 4.3 

below.

Table 4.3 Characteristics of three calcaneal DXA BMD sites chosen for further analysis

ROI name Mode Matched to Precision 
%CV rms

p-vaiue Z score**

Lunar F Ultrasound
m easurem ent

2.7 0.0005 -2.10

Whole
calcaneus

S 0.7 0.0001 -2.51

Posterior
calcaneus

S MRI m easurem ent 1.3 0.0001 -2.30

* p -v a lu e  fo r  c if fe re n c e D ctw een o s te o p e n ic  a n d  n o rm a l p o s tm e n o p a u s a l  w o m e n
a d ju s te d  fo r  a g e , B M I a n d  Y S M . ** C o m p a r is o n  o f  2 8  o s te o p e n ic  p o s tm e n o p a u s a l 
w o m e n  w ith  2 0  p re m e n o p a u s a l w o m e n .

4.2.1.4 Measurement results in the axial skeleton

The mean spine BMD results for group Y (1.23 ± 0.15 g/cm^) are in accordance with 

the values quoted by Lunar for their ‘young normal’ group (1.20 ± 0.12 g/cm^). 

Similar results were obtained for the femoral neck, 1.02 ± 0.11 gtcm compared to the 

Lunar value of 0.98 ± 0.12 g/cm.  As expected there was a highly significant 

difference (p<0.0001) in the spine BMD of groups N (1.21 ±0.15 g/cm)  and O (0.86 

±0.10 glcm)  as expected since this is the criteria for classification. Femoral neck 

BMD was also significantly different in group N (0.97 ±0.14 g/cm)  and group O 

(0.76 ± 0.10 glcm)  with a p-value <0.0001. The significance of the difference 

between groups for spine and hip BMD did not decrease after adjustment for age, 

BMI and YSM.
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Spine and hip BMD in the 52 postmenopausal women who had both measurements 

were well correlated (r=80, p=0.0001). This is consistent with the correlation 

coefficient of r=0.79 reported by Baran et al (1991) in 22 women aged 44-79 years 

and the value of r=0.77 found by Palacios et al (1992) in 111 healthy Spanish women 

aged 30-70 years. Ryan et al (1993) found a correlation coefficient of r=0.39 in 118 

osteoporotics but a higher value of r=0.72 in controls. Generally published values for 

the correlation between spine and hip BMD are lower than found in the current study 

(Cunningham et al 1996; Turner et al 1995, Roux et al 1993; Black et al 1992, 

Feyerabend and Lear 1993; Ryan et al 1992) and range from r=0.47 to r=0.66. 

Fouilles et al (1993) found that the correlation between BMD at different sites within 

the hip ranged from r=0.73 to r=0.87.

4.2  L 5 Correlations between bone sites

The correlation matrix for calcaneus BMD at the 3 selected ROIs and spine and femur 

BMD is given in Table 4.4. A highly significant association was obtained in all cases. 

Spine BMD was better correlated to the calcaneus BMD with the highest coefficient 

observed for the whole calcaneus (r=0.77). A number of published studies give results 

for the correlation between calcaneus and axial BMD. For spine BMD most 

correlations fall within a narrow range of r=0.63 to r=0.70 with only a few 

investigators reporting higher values e.g. Vogel (1987) with r=-0.77, Vogel et al 

(1990) with r=-0.76 and Hoshi et al (1993) with r=-0.80. These higher values are in 

close agreement with the results of this study. Fewer workers give results for the 

femoral neck and where both sites have been measured the correlations for femoral 

neck were always lower as found in this study. Reported values for the correlation of 

femoral neck and calcaneus BMD ranged from r=0.58 to r=0.63 except for Vogel 

(1987) who reported a higher value of r=0.74.
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Table 4.4 Correlation coefficients for axial BMD with calcaneus BMD measured by
DXA in postmenopausal women

Calcaneus Calcaneus Calcaneus
Fixed ROI Whole Posterior circle

Spine L2-L4 0.72 0.77 0.73

Femoral Neck 0.60 0.63 0.57

p < 0 .0 0 0 1  in a ll c a se s

4.2.1.6 Summary Points

1. Calcaneus BMD values measured in this study were consistent with those quoted 

in the literature.

2. Calcaneus BMD was markedly lower in the anterior region of the bone by 20 % 

compared to the central region. Results for the central, posterior and whole 

calcaneus varied by less than 6 %.

3. Calcaneus BMD was significantly lower in osteopenic postmenopausal women 

compared to normals.

4. The optimum calcaneus measurement site is the whole calcaneus ROI based on 

precision and Z scores.

5. Calcaneus BMD was significantly correlated to axial BMD with higher 

correlations for the spine.

4.2.2 Ultrasound measurement results

Results of BUA, SOS and stiffness for each group are shown in Table 4.5. Published 

values for the Lunar Achilles are summarised in Table 4.6. The results from this study 

are in good agreement with the values quoted for the Achilles system. There was a 

highly significant difference between BUA, SOS and stiffness in groups N and O 

(p<0.0001 in all cases). The difference persisted after adjustment for age, BMI and 

YSM which is consistent with the results of Lees and Stevenson (1993).
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Table 4.5 Results of ultrasound measurements

BUA(dB/Mhz) SOS (m/s) Stiffness

Group Y 115.1 ±8 .6 1570.2 ±36.1 96.2 ±15.1

Group N 113.1 ± 9 .8 1553.2 ±39 .7 90.2 ± 16.6

Group 0 101 .4± 6 .6 1503.3 ±23.1 69.0 ± 10.1

Table 4.6 Summary of published values for ultrasound parameters measured in the 
calcaneus in-vivo with the Lunar Achilles system

Reference No. of 
subjects

Type of subjects BUA
dB/MHz

SOS
m/s

Stiffness

G onnelli et al 
1995

79 N orm al w om en aged 57.9 ± 
5.1 y

114.1 ± 8 .0 1501.5 ± 2 7 .5 86.5 ± 9 .4

245 W om en w ith vertebral 
fractures, m ean age 58 y

1 0 3 .7 ±  11.1 1535.8 ± 2 2 .6 69.9 ± 13.1

M autalen et al 
1995

54 H ip fracture patients, 
74 ± 10 y

89.2 ± 9.2 1476 ± 2 2 .0 52.7 ± 10.2

29 M atched controls, 
72 ± 3  y

106.5 ± 11.0 1504 ± 2 5 .1 72.4 ± 13.0

Lees and 37 N orm al w om en 43 ± 12 y 1 1 9 ±  10 1551 ± 2 7 93 ± 13
Stevenson 1993 32 O stéopénies 58 ± 8 y 109 ± 8 1513 ± 18 76 ± 9
Y am azaki et al 39 Y oung norm als 24.2 ± 2.6 y 113 ± 6 .3 1563 ± 2 3 .0 92.3 ± 8.8
1994 87 O steoporotics (vertebral 

fractures) 69.6 ± 6.3 y
95 1494 61.6

N aessen et al 
1995

26 N on H R T users 
67.4 ± 1.3 y

113.4 ± 9 .4 1 5 1 4 ± 2 4 79.6 ± 12.8

26 H RT users 67.6 ± 1.2 y 120.4 ±  13.5 1531 ± 3 6 89.0 ±  18
Van D aele et al 
1994

777 W om en in R otterdam  study 
66.4 ± 7.3 y

107.8 ±  11.9 1517.1 ± 3 1 .0

V ega et al 1994 29 Y oung norm al w om en 28.0 
± 4 .3  y, 20-35 y

120.9 ± 10.2 1565.6 ± 2 4 .4 98.9 ±  11.1

39

25

W om en w ith hip fractures 
71.9 ± 9 .6 y, 57-93 y 
A ge-m atched  w om en 68.2 ± 
3.6 y, 62-80 y

90.7

107.1

1477.9

1511.4

54.3

74.6

4.2.2.1 Correlation within ultrasound parameters

BUA and SOS were well correlated with stiffness (r=0.93, p<0.0001 and r=0.98, 

p<0.0001 respectively) as expected since stiffness is calculated from the two
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parameters. The value for the correlation between BUA and SOS found in this study 

of r=0.85 (p<0.0001) seems uniquely high for in-vivo studies. In fact it is slightly 

higher than the value observed in an in-vitro study by Smeets et al (1995) who 

measured 10 cleaned cadaver calcanei and found a correlation between BUA and SOS 

of r=0.83. Some authors have reported correlation coefficients in the range r=0.74 to 

r=0.77 for the Achilles system (Cunningham et al 1996; Waud et al 1992; Turner et al 

1995) while Gonnelli et al (1995) and Faulkner et al (1994) report lower correlations 

of r=0.57 and r=0.55 respectively.

4.2.2.2 Ultrasound compared to DXA

All ultrasound parameters were significantly correlated with spine, femoral neck and 

calcaneus BMD, as shown in Table 4.7. In general published correlation coefficients 

for BUA or SOS and axial BMD for the Lunar Achilles system are in the range 

r=0.37-0.55 (Cunningham et al 1996; Turner et al 1995; Faulkner et al 1994; Lees and 

Stevenson 1993; Moris et al 1995; Rosenthall et al 1995 and Van Daele et al 1994) 

except for higher values reported by Devogalaer et al (1994) and Yamazaki et al

(1994) of r=0.67-0.78. Reported correlations are slightly higher for stiffness.

The correlation between ultrasound measurements in the calcaneus at the fixed 

transducer location and BMD measurements in the calcaneus at several locations was 

compared. The calcaneus BMD ROIs used were the fixed ROI positioned on the DXA 

scan to match the location of the ultrasound transducers and the two anatomical ROIs 

(whole calcaneus or posterior circle). The correlation between ultrasound parameters 

and calcaneal BMD was similar for all BMD ROIs.

The measurement of BMD at the fixed location meant that for some subjects the ROI 

fell outside bone or included a bone edge. If the ultrasound measurements are made 

off the bone this may have significant impact on the BUA measured. It has been 

confirmed by Holden et al (1994) in human calcanei that the presence of the cortical 

end plates creates a significant BUA, probably due to the curved shape resulting in 

complex phase interactions within the propagating ultrasonic pulse. Out of 74 

measurements of calcaneus BMD, cortical edge entered the ROI on 44 scans (60 %).
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An area of ROI outside bone was found in 12 scans (16 %). The amount of the 4 cm 

ROI area outside bone ranged from 1 to 15 % with a mean of 4.5 ± 4.0 %. The 

correlation coefficient for the relationship between BUA and calcaneus BMD (fixed) 

was r=0.79 for scans with cortex in the fixed ROI and r=0.84 with no cortex. There 

was no difference in correlation coefficient when whole calcaneus BMD was used. In 

summary there is some evidence that where the ultrasound measurement takes place at 

the edge of the bone that this weakens the correlation with BMD but there was no 

evidence of obvious discrepancies in BUA.

Published values for the correlation between ultrasound parameters and calcaneus 

BMD are given in Table 4.8. The results for this study are in accord with the results of 

Krieg et al (1996) who report correlation coefficients in excess of r=0.8 for all 3 

ultrasound parameters and with Roux et al (1993).

Table 4.7 Correlation coefficients for BMD measured by DXA with ultrasound 
parameters measured in the calcaneus in postmenopausal women

BMD ROI BUA SOS Stiffness

Spine 0.63 0.69 0.67

Femoral neck 0.54 0.57 0.57

Calcaneus-fixed 0.77 0.79 0.81

Calcaneus-whole 0.82 0.80 0.83

Calcaneus-posterior 0.82 0.79 0.82

T h e  p -v a lu e  in  a ll c a s e s  w a s  < 0 .0 0 0 1
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Table 4.8 Summary of published values for the correlation between ultrasound measurements in the calcaneus and bone densitometry
measurements in the calcaneus

Reference Type of subjects Calcaneus
im o

measured
by

Ultrasound 
measured by

Parameter
measured

*

Correlation 
coefficient r

Region measured/Comm#g(^: , '

Felsenberg  et al 
1993

47 perim enopausal w om en 45-56

y
DXA L unar A chilles SOS 0.72

K rieg et al 1996 57 postm enopausal w om en m ean 
age 59 y, 43-78 y

DXA L unar A chilles BUA
SOS

Stiffness

>0.8
>0.8
>0.8

C unningham  et al 
1996

20 w om en m ean age 55 y, 
32-70 y

DXA L unar A chilles SOS
BUA

Stiffness

0.729
0.440
0.591

B rooke-W avell et 
al 1995

84 healthy  Caucasian w om en 64.6 
± 3 .0  y

DXA W alker -Sonix 
C U B A

BUA
BUA
SOS
BUA
SOS

0.66
0.74
0.50
0.46
0.42

Fixed ROI 
F ixed ROI 
F ixed ROI 
A natom ical ROI 
A natom ical ROI

W aud et al 1992 64 w om en 51 ±  10 y, 
35-83 y

DXA W alker-Sonix BUA
SOS

0.73
0.66

Funke et al 1993 109 osteoporotic w om en and 
215 contro ls

DXA W alker-Sonix BUA 0.56

R oux et al 1993 30 w om en 53.0 ± 12.7 y, 23-71 y DXA W alker-Sonix BUA 0.80
C repin  et al 1994 107 postm enopausal w om en Q CT W alker-Sonix BUA 0.57
G lu e re t  al 1992 25 w om en 20-75 y SXA W alker-Sonix BUA 0.73

0.75
0.70
0.72

N orm al SX A  ROI
N orm al ROI adjusted  for precision
S ite-m atched  ROI
S ite-m atched  ROI adjusted  for p recision

Salam one et al 
1994

259  healthy  postm enopausal 
w om en 45-76  y

SXA W alker-Sonix BUA 0.66

W u et al 1995 28 postm enopausal w om en, m ean 
age 61 y, 44-79  y

SXA W alker-Sonix BUA 0.74
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4,2.23 Summary Points

1. BUA, SOS and stiffness were significantly different between normal and 

osteopenic postmenopausal women after adjustment for age, BMI and YSM.

2. BUA and SOS were well correlated (0.85, p<0.0001). This value is higher than 

generally reported in the literature.

3. All ultrasound parameters were significantly correlated with axial BMD.

4. Ultrasound parameters were better correlated with calcaneus BMD than with axial 

BMD. There was no significant improvement in the correlation coefficient by 

measuring calcaneus BMD at a site matched to the position of the ultrasound 

transducers compared to anatomically positioned ROIs.

5. According to the DXA scans in 60 % of measurements the region between the 

transducers contains cortical edge and in 16 % of cases lies outside bone.

4.2.3 Comparison between techniques

4.2,3.1 Correlations with age

As shown in Table 4.9 all DXA and ultrasound parameters were significantly 

correlated with age. Baran et al (1991) report a value of r=-0.54 for the correlation of 

age and spine BMD which is in agreement with the value found in this study of r=- 

0.53. Their correlation of femoral neck BMD with age was higher at r=-0.65. 

Cunningham et al (1996) report lower correlation coefficients of spine and femoral 

neck BMD with age of r=-0.37 and r=-0.4S respectively while Yamazaki et al (1994) 

and Poet et al (1994) found higher values of r=-0.71 to r=-0.73. Studies giving values 

for correlation coefficients of calcaneus BMD with age are summarised in Table 4.10 

and for ultrasound parameters in Table 4.11. Both tables show a wide range of values, 

depending on the age group measured, that encompass the values measured in the 

current study.
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Table 4.9 Correlation coefficients for DXA and ultrasound parameters with age, in
postmenopausal women

Calcaneus BMD ROI Correlation
Coefficient

r

p-value

Calcaneus-fixed -0.54 0.0001

Calcaneus-whole -0.62 0.0001

Calcaneus-posterior circle -0.47 0.0003

Spine -0.53 0.0001

Femoral neck -0.56 0.0001

BUA -0.58 0.0001

SOS -0.56 0.0001

Stiffness -0.58 0.0001
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Table 4.10 Summary of published values for the correlation between calcaneal bone density and age, weight, and height.

Reference Technique Type of subjects Age
y

Correlation 
with age r (p)

Gorreiation with 
weight 

i-(P)

Correlation with 
height r (p)

Cunningham et al 
1996

DXA 20 women 55 (32-70) -0.49 0.03 -0.49

Laval-Jeantet 1995 DXA 90 normal women 
41 vertebral fracture

59.5 ±8.2 
65.4 ± 10.3

0.43 (<0.0001 ) 
0.50 (0.001)

0.14 (NS) 
0.41(0.008)

Suleiman et al 1994 DXA 124 normal 
postmen.

57 ± 2 -0.2 (<0.05) 0.3(<0.01)(BMI)

Uusi-Rasi et al 1994 DXA 61 healthy premen. 0.60 (p<0.001)

Johansson et al 
1993

DPA 309 Swedish women 70 0.27 (p<0.001) 0.13(p<0.05)

Katagiri et al 1994 SXA 328 healthy 
Japanese  women

20-79 -0.73 (<0.001 ) 0.36 (<0.001 ) 0.57 (<0.001)

Salam one et al 1994 SXA 259 healthy 
postmen, women

45-76 -0.33 (<0.01) 0.41 (<0.01)

Lancaster et al 1989 SPA 116 normal women 47 ±15 
(20-82)

-0.49 (<0.001 ) 0.33 (<0.001) 0.22 (<0.05)

Leino et al 1995 SPA 519 Finnish women 
born in 1984

50 0.005 (<0.001) 
(BMI)

Svendson et al 1992 SPA 148 healthy early 
postmen.

45-54 0.35 (<0.001) 0.24 (<0.001)

Vogel 1987 SPA 900 Japanese 
women

20-86 0.49 0.31
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Table 4.11 Summary of published values of the correlation between ultrasound parameters and age

Reference Technique No. of 
subjects

Type of subjects Parameter
measured

Correlation 
coefficient r

p-value

C unningham  et al 1996 L unar A chilles 100 95 fem ales m ean age 55.5 y and 5 m ales SOS
BUA

Stiffness

-0.385
-0.349
-0.392

<0.0001
<0.001

<0.0001
Lees and S tevenson 1993 L unar A chilles 107 N orm al and osteopenic w om en 24-77 y BUA

SO S
Stiffness

-0.25
-0.45
-0.39

<0.05
<0.001
<0.001

M oris et al 1995 L unar A chilles 118 H ealthy w om en 20-86 y BUA
SOS

Stiffness

-0 .630
-0.603
-0.67

<0.0001
<0.0001
<0.0001

Y am azaki et al 1994 L unar A chilles 194 N orm al and osteoporotic w om en 22.8 y, 58 ± 14 y BUA
SOS

Stiffness

-0.65
-0.69
-0.72

<0.001
<0.001
<0.001

Schott et al 1993 L unar A chilles 512 H ealthy fem ale volunteers 20-95 y BUA
SOS

-0.556
-0.657

0.001
0.001

V an D aele et al 1994 L unar A chilles 777 W om en 66.4 ± 7.3 y B U A
SO S

-0.28
-0.39

W endt et al 1996 L unar A chilles 236 H ealthy w om en and osteoporotics BUA
SOS

Stiffness

-0.50
-0.55
-0.57

Salam one et al 1994 W alker-Sonix 259 H ealthy postm enopausal w om en 45-76y BUA -0.14 <0.05
D am ilakis et al 1992 W alker-Sonix 43 Postm enopausal w om en BUA -0.35 <0.05

19 O steoporotics -0.47 <0.05
D retakis et al 1994 W alker-Sonix 77 N orm al w om en m ean age 62 y BUA -0.479 <0.0001
M cC loskey et al 1990 W alker-Sonix 24 N orm al prem enopausal m ean age 31y, 22-44 y BUA -0.29 N S

21 O steoporotics mean age 65 y, 41-79  y BUA -0.50 <0.05
A gren et al 1991 W alker-Sonix 58 N orm als and osteoporotics 58.1 ±  1.3 y, 40-80 y BUA -0.448 <0.001
B aran et al 1991 W alker-Sonix 22 W om en 57 ± 10 y, 44-79 y BUA -0.73 <0.001
Roux et al 1993 W alker-Sonix 190 H ealthy w om en over 45 y BUA -0.37 0.0001
Porter et al 1990 W alker-Sonix 788 Fem ale w rist fracture patients and controls BUA -0.41 <0.001
H erd et al 1993 C U B A 170 170 pre and postm en, m ean age 53 y, 41-71 y BUA -0.31 <0.001
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4.2.3.2 Patterns and rates o f bone loss

Figure 4.2 shows the age related change in calcaneus, spine and femoral neck BMD. 

A similar pattern of bone loss is seen at all bone sites. There seems to be little change 

in BMD until the time of menopause but the pattern of change after menopause is not 

clear. From this cross-sectional data the annual change in BMD has been calculated 

and summarised in Table 4.12. The change in postmenopausal women only was 

similar for spine and femoral neck BMD and greater for calcaneus BMD. Published 

values are summarised in Table 4.13 and for the spine, range from -0.3 to -3.2 % 

depending on the age and type of subjects measured, with a similar range for 

calcaneus BMD. For femoral neck BMD the reported values range from -0.51 % to -

2.1 % per year.

From the age of peak mass to the eighth decade, calcaneus, spine and femoral neck 

BMD decreased by 41 %, 38 % and 32 % respectively. From the plots in Figure 4.2 it 

is difficult to determine exactly when bone loss begins or to discern a clear effect of 

menopause. However the profiles are broadly similar across all 3 sites. Vogel (1987) 

produced graphs for the change in BMC for 5 year age intervals in large numbers of 

Japanese women. They also found that the age profiles for spine and calcaneus were 

very similar. The reduction in BMC began before menopause and decreased at a 

similar rate. The spine and calcaneus profiles were distinct from these for the distal 

and proximal radius which showed a peak at a later age as expected for cortical bone.

Table 4.12 Relationship of BMD and ultrasound parameters to age, weight and height
in all postmenopausal women

Parameter Correlation coefficients Annual % 
change

% loss from

Weight Height Postmen. 51-55 y to 
81-87 y

peak to 81- 
87 y

Calcaneus 
BMD (whole)

-0.62** 0.40** 0.30* -1.2 37 41

Spine BMD -0.53** 0.24 0.28* -0.9 28 38
NOP BMD -0.56** 0.42** 0.50** -0.9 24 32
BUA -0.59** 0.19 0.27* -0.5 16 19
SOS -0.56** 0.06 0.08 -0.13 4 6
Stiffness -0.58** 0.10 0.24 -0.9 32 39
p<0.05, ** p<0.01
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Figure 4.2 Age dependence of DXA parameters
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T ab le  4.13 S u m m a ry  o f  p u b lish ed  values fo r th e  p e rcen tag e  change p e r  y e a r  in  bone d en sity  m ea su re m e n ts

Reference Technique Subjects Calcaneus
BMD

Spine BMD Hip BMD Region f
measured/Comment

Houde et al 1994 DXA 35 women, 1-3 years postmenopause -3.4 -3.2 NS
Turner eta! 1995 DXA 325 women over 60 y -0.3 -0.7
Kotzi et al 1993 DXA 193 controls 56.8 ± 8.7 y, 32-83 y, -0.5

-1.1
-0.5
-1.1

premenopause
postmenopause

Yamada et al 1994 DXA 399 healthy volunteers 52 ± 13 y 19-81 y, -0.3
-2.4

-0.9 (QCT) 
-2.0 (QCT)

premenopause
postmenopause

Jones et al 1994 DXA 385 women, 71.1 ± 6.5 y - 0.04 NS -0.96
Fouilles et al 1993 DXA 85 healthy postmenopausal 53 ± 3.6 y, 45- 

60 y
-1.5 ±2.1 -2.1 ±2.5

Fouilles et al 1993b DFA 71 premenopausal. 47.6 ± 1.7 y 
42 perimenopausal. 51.2 ±2.5 y 
117 postmenopausal 55.3 ± 4.3 y

-0.79 ± 1.5 
-2.35 ± 1.5 
-1.24 ± 1.5

Hannan et al 1992 DFA 716 women in Framingham osteoporosis 
study 76.1 ± 5.19 y

-0.68 ±0.12

Ensrud et al 1995 SFA 5403-5698 American women over 65 y -1.43 -0.51 Increased with age
Lancaster et al 1989 SFA 116 normals 47 ± 15 y: 20-82 y -0.4

-0.8
premenopause
postmenopause

Steiger et al 1992 SFA 7659 American women over 65 y -1.06 -0.31 -0.82
Svendson et al 1992 SFA 148 healthy early postmenopausal 45-54 y -1.6
Vogel 1987 SFA 1098 Japanese women 

without previous fractures 
with previous fractures

-0.82
-1.35

-0.60
-0.97

Harris and Dawson- 
Hughes 1992

SFA 288 women 8.8 ± 5.5 y. 
41-71 y

-2.02 ± 3.5 
-0.82 ±3.59 
-0.82 ±3.83 
-1.79±4.13 
-0.88 ±3.50

-2.24 ± 2.07 
-1.16±2.15 
-0.97 ±2.31 
-1.22 ±2.55 
-0.40 ± 1.99

I-2 YSM 
3-5 YSM 
6-10 YSM
II-20 YSM 
>20 YSM
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4 ,2 3 3  Age dependence o f  ultrasound

The dependence of BUA, SOS and stiffness on age is shown in Figure 4.3 and again 

no clear effect of menopause is discernible. The rates of change given in Table 4.13. 

Turner et al (1995) found similar results for BUA and SOS in 325 women over 60 

years but a slightly higher value for stiffness (1.2 %). Also with a Lunar Achilles 

system Schott et al (1995) observed annual percentage decreases in BUA of -0.46 % 

in common with this study but a higher rate of loss for SOS (-0.37 %) in 116 French 

women. With a Walker Sonix system, Houde et al (1994) observed an annual decrease 

in BUA of 5.2 % in 35 women 1-3 years postmenopause while Herd et al (1992) 

found that in 200 normal women aged 40-70 years, BUA decreased by 2.5 % in the 

first 5 years postmenopause and then by 0.5 % per year. With a CUBA system 

changes in BUA were similar. Heel velocity decreased by 0.3 % in the first 5 years 

postmenopause but was slower over the next 10 years (0.03 %) Herd et al (1993). 

These studies indicate that ultrasound parameters decline at menopause in a similar 

way to that observed for BMD.

BUA changed with age at about half the rate seen for BMD parameters and even 

smaller percentage changes were observed for SOS. Stiffness however changed at the 

same rate as spine and hip BMD. Changes during the age interval 51-55 years to 81- 

87 years was highest for calcaneus BMD (37 %) and lowest for SOS (4 %). When 

comparing the values for 81-87 year old women to peak values in young women (20- 

40 years) calcaneus BMD showed the largest decrement of 41 % and SOS the smallest 

at 6 % (Table 4.13). Palacios et al (1992) observed that lumbar spine density 

decreased by 36 % and femoral neck density decreased by 29 % in women between 

ages 30 and 70 years which is consistent with the results from this study. However 

they found a decrease in BUA of 32 % which is substantially higher than found in this 

study.
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Figure 4.3 Age dependence of ultrasound parameters
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4.2.3.4 Correlation between rates o f change

As well as absolute values at each site with each technique the relationship between 

changes at each site is o f interest. Thirty three postmenopausal women were measured 

twice after an interval o f between 0.8 and 1.3 years (mean 1.14 ± 0.16 years). The 

percentage change in calcaneus, spine and femoral neck BMD and in BUA, SOS and 

stiffness was calculated and normalised to the change in one year. Table 4.14 shows 

the parameters that were significantly correlated with rates o f change. Changes in 

spine BMD were significantly correlated to changes in BMD of the calcaneus (r=0.35-

0.38). Changes in different regions (posterior and whole) o f the calcaneus were very 

well correlated (r=0.74). Changes in SOS were not correlated with changes in BUA 

and no other changes showed a significant relationship.

Table 4.14 Correlations with rates of change of parameters

Parameter Correlates with Correlation
r

p-value

Change in spine BMD Change in calcaneus BMD 
(whole)

0.35 0.047

Change in spine BMD Change in calcaneus BMD (post) 0.38 0.031

Change in calcaneus BMD 
(whole)

Change in calcaneus BMD (post) 0.74 0.0001

4.2.3.5 Effects o f weight and height

Table 4.13 shows the correlation of all DXA and ultrasound parameters with weight 

and height. Spine BMD showed a small but significant correlation with height but not 

with weight. Femoral neck and calcaneus BMD were significantly correlated to both 

weight and height. None of the ultrasound parameters were significantly correlated to 

weight but BUA and stiffness showed a small but significant relationship to height. 

Hence although the calcaneus is a weight bearing bone, the ultrasound parameters 

may measure an aspect of bone that is less dependent on body weight then BMD 

although the correlation o f BUA and height may indicate a dependence on bone size.
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Published values for the correlation between calcaneal bone density and weight and 

height are given in Table 4.10. Values quoted in the literature for correlation of 

calcaneus BMD with weight range from r=0.27 (Johansson et al 1993) to r=0.49 

(Vogel 1987) except for a higher value of r=0.60 reported by Uusi-Rasi et al (1994) 

which is in good agreement with results from this study. Published correlations with 

calcaneus BMD and height often did not reach statistical significance but those that 

did were generally lower and range from r=0.13 (Johansson et al 1993) to r=0.31 

(Vogel 1987) with a higher value of r=0.57 reported by Katagiri et al (1994). Laval- 

Jeantet et al (1995) found no significant correlation for calcaneus BMD and height in 

normal postmenopausal women but a significant correlation of r=0.41 for women with 

vertebral fractures.

4.2.3.6 Comparison o f Z  scores

Table 4.15 shows the Z scores for normal and osteopenic postmenopausal women 

compared to the young reference group. Hip and calcaneus BMD are equivalent to the 

spine in terms of discrimination between normals and osteopenic women, 

remembering that spine BMD was used as the classifier. All the ultrasound Z scores 

are lower, with SOS better than BUA. The stiffness index does not increase sensitivity 

for osteopenia. The Z scores for normal women were highest for femoral neck BMD 

and SOS possibly indicating that these parameters start to change earlier than 

calcaneus or spine BMD and calcaneus BUA.

Table 4.15 Comparison of Z scores for BMD and ultrasound in normal and osteopenic
postmenopausal women

Parameter Group N 
mean ± sd

Group 0  
mean ± sd

Significance of 
difference

C alcaneus BMD (whole) -0.24 ± 1.50 -2.51 ±1 .13 p<0.0001
Spine BMD -0.15 ±1.07 -2.54 ± 0.68 p<0.0001
Femoral neck BMD -0.55 ± 1.35 -2.50 ± 0.92 p<0.0001
BUA -0.23 ± 1.13 -1.58 ±0 .76 p<0.0001
SOS -0.47 ± 1.10 -1.85 ±0 .64 p<0.0001
Stiffness -0.40 ±1.10 -1.80 ±0 .67 p<0.0001
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Yamazaki et al (1994) found higher Z scores of -2.9, -3.0, and -3.5 for BUA, SOS and 

stiffiiess in 87 osteoporotics compared to 39 young normals. Z scores for spine, 

femoral neck and total body BMD were also substantially higher than found in this 

study -4.4, -3.2 and -3.6 respectively. Lees and Stevenson (1993) observed that spine 

BMD gave the highest Z scores for osteopenic women. SOS and stiffness gave a 

higher Z score than BUA and comparable values to BMD of the femoral neck.

4,23,7 Summary Points

1. Calcaneus BMD was significantly correlated with age. Postmenopausal bone loss 

was 1.2 % per year, compared to a loss of 0.9 % per year for spine and femoral 

neck BMD. All ultrasound parameters were significantly correlated with age. Rates 

of postmenopausal change per year were -0.5, -0.13 and -0.9 per cent per year 

respectively for BUA, SOS and stiffness. Calcaneus BMD showed the highest 

decrement from peak bone mass to the eighth decade.

2. Calcaneus and femoral neck BMD were equally influenced by body weight while 

spine BMD showed no significant correlation. BUA, SOS and stiffness were 

unrelated to body weight.

3. Calcaneus, spine and femoral neck BMD all gave equivalent Z scores which were 

significantly different for normal and osteopenic postmenopausal women. 

Ultrasound Z scores were lower than those for BMD of the calcaneus or femoral 

neck for detecting osteopenia of the spine.

4.2.4 Discussion

4,2,4,1 Variation in bone density across the calcaneus

In this study the bone density in the calcaneus was found to be fairly uniform in the 

posterior part of the bone where values of BMD differed by less than 6 %. Szucs et al 

(1992) examined the homogeneity of the BMC in the heel bone by scanning five 

cadaver heels to find an optimum measuring point. They found a homogenous region 

centred 4 cm from the sole of the foot and 3.6 cm from the end of the heel where

163



Chapter Four____________________________________ In-vivo Investigations with DXA and Ultrasound

BMC values did not differ by more than 10 % from each other. The location of this 

region is in the posterior part of the calcaneus.

4.2.4.2 Calcaneus BMD compared to axial

In this study calcaneus BMD was well correlated to axial BMD. Thomas et al (1991) 

found that BMD of the calcaneus correlated with vertebral trabecular bone density 

measured by dual energy QCT. In contrast calcaneal BMD was not correlated with 

spinal BMD except if patients with osteoarthritis and or scoliosis were eliminated. 

Suleiman et al (1994) found that BMD of the calcaneus was significantly correlated 

with spine and femoral neck BMD and total body BMC (p <0.01). Vogel (1987) 

found substantial inter-correlation between bone sites measured by SPA (r=0.61 to 

0.95) and point out that calcaneus BMC was as accurate a predictor of L4 BMC 

(r=0.77) as a measurement of LI BMC (r=0.81). These strong correlations confirm the 

fact that osteoporosis is a systemic disease and all bones lose mineral albeit not all at 

the same rate.

4.2.4.3 Correlation between ultrasound and axial BMD

In this study moderate correlations (r=0.54-0.69) were observed between ultrasound 

parameters and BMD of the spine and femoral neck. The study by Baran et al (1991) 

in 22 subjects is unusual in that they report much higher correlations, than other 

studies, between BUA and spine and femoral neck BMD (r=0.79-0.87). They 

concluded that BUA of the calcaneus could be used to predict these densities with 

errors of only 8.8 % and 6.9 % respectively and was as effective as either spine or 

femoral neck bone mass in predicting the other value. In contrast Rosenthall et al

(1995) measured 1000 women by ultrasound and DXA and concluded that predicting 

the bone status in one site from a measurement at another site was not feasible, 

particularly for a screening programme. Similarly Faulkner et al (1994) concluded that 

the large associated error in the relationship between ultrasound and DXA means that 

virtually no subjects can be deemed to have normal BMD at any skeletal site on the 

basis of an ultrasound measurement of the heel. Bogdanffy and Ohnmeiss (1994) 

correlated ultrasound values in the calcaneus with lateral spine (L3) BMD. Correlation 

coefficients ranged from r=0.57-0.63. This is similar to results for AP spine. A higher
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correlation might have been expected as the vertebral body is principally trabecular 

bone like the calcaneus however this may have been obscured by the poorer precision 

of spine DXA measurements in the lateral projection.

4.2.4.4 Correlation between ultrasound and calcaneus BMD

In this study good correlations were observed between ultrasound and BMD values 

both measured in the calcaneus. Smeets et al (1995) measured 10 cleaned cadaver 

calcanei and found good correlations between ultrasound (Lunar. Achilles), DXA 

(Lunar DPX-L) and QCT. The correlations between BUA and density were in the 

range (0.87-0.97) with slightly lower correlations for SOS. On the basis of the 

excellent correlation between BUA and density by QCT, 94 % of the variation in 

BUA is explained by density.

It is thought that ultrasound may provide information on bone structure and strength 

independent of bone mineral density. If parameters such as BUA are shown to be 

highly correlated with BMD in-vivo then the extent to which BUA could provide 

additional information would be limited. Gluer et al (1992) measured BUA (Walker- 

Sonix) and BMD (SXA Osteo Analyser) of the calcaneus in a group of volunteers in 

an attempt to determine the true correlation coefficients corrected for differences in 

precision between the two techniques. Correction for precision errors only marginally 

improved the correlation coefficient for SXA and BUA of the calcaneus from 0.70 to 

0.72 for the site-matched ROI and from r=0.73-0.75 in the normal SXA ROI in a 

group of 25 women indicating that imprecision accounts for only a small part of the 

unexplained variability.

4.2.4.5 Fixed versus, anatomical ROIs

The correlation coefficient of ultrasound parameters and BMD of the calcaneus was 

not significantly improved by matching the measurement site in the calcaneus. Also 

the presence of cortical edge in the ultrasound scan path did not show a clear influence 

on results. Brooke-Wavell et al (1995) carried out a similar study and measured BUA 

and BMD at a fixed and an anatomical location. They found that the correlation 

between BUA and BMD in the calcaneus was significantly better at the fixed ROI
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(r=0.50 to r=0,74) compared to the anatomical ROI (r=0.74) with a p-value of <0.01. 

Better correlations were also observed between BUA and axial BMD at the fixed ROI. 

They used a CUBA system which does not have fixed transducers.

4.2,4,6 Patterns and rates o f  bone loss

Spine and femoral neck BMD showed very similar changes with age with an overall 

annual decrease in postmenopausal women of 0.9 %. The rate of loss in 

postmenopausal women was higher for the whole calcaneus at 1.2 %. Others who 

have compared rates of loss from cross-sectional data (Table 4.13) generally confirm 

the results from this study of a higher rate of loss in the calcaneus compared to axial 

sites. Ensrud et al (1995) report an annual rate of loss of -1.43 % in the calcaneus of 

over 5000 women aged over 65 years compared to a loss rate of -0.51 % in the hip. 

Steiger et al (1992) found a higher rate of loss in the calcaneus than in spine or hip as 

did Vogel (1987) for women with and without vertebral fractures, and Yamada et al 

(1994) in postmenopausal women with the spine BMD measured by QCT. Houde et 

al (1994) found similarly high annual loss rates of over 3 % for both calcaneus and 

spine while Kotzki et al (1993) found no difference in rates of for calcaneus and spine 

in 193 female controls. Their figures (-0.5 % for premenopausal women and -1.1 % 

for postmenopausal women) are in very close accord with the results from the current 

study for calcaneus BMD.

From peak bone mass to the eighth decade the largest decrease in BMD was observed 

for the calcaneus in this study. Steiger et al (1992) found that compared to women 

aged 65-69 years the bone density of women over age 85 years was 21.1 % lower in 

the calcaneus. Only Ward’s triangle showed a higher decrement (25.8 %). Truscott et 

al (1993) found very similar results to those in the current study and observed a 

decrease of 27 % in spine and femoral neck BMD from the age of peak bone mass to 

80 years in 329 pre and postmenopausal women aged 20-81 years.

The two major bone compartments, cortical and trabecular, behave differently 

according to age and sex. A large amount of data has been gathered on the BMC of 

cortical bone and it is generally accepted (Vogel et al 1988) that cortical bone loss
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accelerates in women at menopause, and decreases 10-15 years later. The onset of 

trabecular bone loss in women is not generally agreed upon. Some studies show onset 

of spinal bone loss well before menopause (Riggs et al 1981; Riggs et al 1986) while 

others found that it did not begin until the menopause (Cann et al 1980; Gordon and 

Genant 1985).

Hoshi et al (1993) measured the decreasing rate per year of BMD of the calcaneus 

measured by SXA. The rate increased from 0.07 % in the twenties to 2.5 % in the 

fifties before decreasing again. The vertebral BMD in Japanese women began to 

decrease at age 35 while that of the calcaneus started decreasing 5 years earlier. These 

decreases seem to start earlier than generally reported for European and American 

women. In contrast Yamada et al (1993) found that, in women, loss of bone starts or is 

greatly increased at the time of menopause. Both calcaneal and lumbar spine BMD of 

the postmenopausal women aged 50-54 years were 14.3 % below the mean for young 

normal premenopausal women. However the pattern of bone loss was then different 

for the 2 sites as calcaneal BMD continued to decrease throughout the 

postmenopausal period to 34.9 % below young normal while spine BMD did not 

show further decrease in subjects more than 70 years old. The earlier decrease in 

calcaneal BMD observed by Hoshi et al (1993) and the continuation of this decrease 

throughout the postmenopausal period reported by Yamada et al (1993) may be due to 

the fact that 30-40 % of the bone substance in the lumbar spine and 60-70 % of the 

bone substance in the femoral neck consists of cortical bone (Vogel 1987). The 

remodelling of cortical bone is known to be metabolically less active than that of 

trabecular bone (Tonna 1977). Therefore measuring an integral of cortical and 

trabecular bone may make DXA of the femoral neck or spine less sensitive to early 

disease changes that preferentially affect trabecular bone. However, the calcaneus is 

made up almost entirely of trabecular bone (Vogel 1987) and may provide a more 

sensitive measurement site for the assessment of bone mineral density by DXA.

As well as the onset of bone loss there are further controversies about the rate of bone 

loss in elderly women. From Figure 4.2 there is little evidence of an increase in the 

rate of bone loss except possibly for the calcaneus. In contrast the graph for femoral
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neck BMD could be interpreted as a plateau from the age of 56-60 years onwards. 

Ensrud et al (1995) measured the rates of change in bone density at the hip and 

calcaneus in a cohort of older women participating in the study of osteoporotic 

fractures. They found that the rate of bone loss increased significantly with age at the 

femoral neck and the calcaneus. The increase from age 67-69 years to over age 85 

years was 0.35 % per year to 1.00 % per year for the femoral neck and 1.20 to 2.68 % 

per year for the calcaneus. The results of Ensrud et al (1995) disagree with results of 

previous cross-sectional studies (Riggs et al 1982; Hannan et al 1992; Mazess et al 

1987) that have suggested that the rate of bone loss with ageing remains relatively 

constant. Cheng et al (1994) found that calcaneal BMD in 80 year old women was 

significantly lower compared with 75 year old women. The difference persisted even 

when controlled for body mass (p<0.0001), indicating that bone loss does not reach a 

plateau in elderly women.

While the rate of bone loss with age at a particular bone site is important this must be 

related to the measurement precision at that site. For instance bone loss is often found 

to be highest at the Wards triangle region of the hip (Steiger et al 1992) but the 

measurement precision of this region is low. Fouilles et al (1993) showed that the 

ratio of rate of change per year in 85 healthy postmenopausal women to the precision 

of the technique was 1.6 for spine, 1.06 for femoral neck and 0.77 and 0.73 for Weirds 

triangle and trochanter respectively. The calcaneus with its higher rate of bone loss 

and good measurement precision provides a suitable measurement site.

4.2,4,7 Changes in ultrasound parameters with age

BUA decreased by 18 % in the eighth decade compared to peak BUA. For SOS the 

changes were much lower at 6 % and for stiffness the changes were much higher at 

39%. The size of the decline in ultrasonic indices with age varies according to 

different studies. Schott et al (1995) found that although baseline values of BUA and 

SOS were closely correlated, their changes over 2 years were not correlated. Moris et 

al (1995) found no significant effect of menopause; the slope of ultrasound 

measurements was comparable in pre and postmenopausal women. In contrast Roux 

et al (1993) observed a decrease in BUA with advancing age, with a sharp drop during
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the years following menopause. In the study by Yamazaki et al (1994) the highest 

mean values of SOS, BUA and stiffness were seen at the ages of 20-24 years. The first 

significant losses were observed in SOS and stiffness after age 50 years (p<0.05). 

There were declines of 3.8 % in SOS, 8.9 % in BUA and 24.2 % in stiffness over the 

period from young adulthood to age 70-79 years. These findings seem to indicate that 

menopause affected the change in ultrasound values.

In a group of 512 healthy women aged 20-95 years Schott et al (1993) found an 

average 20 % decrease in BUA and 5 % decrease in SOS between 20 and 90 years. 

This is similar to results from the current study. They found that SOS and BUA 

showed different trends in younger ages. BUA did not decrease before the average age 

of 50 whereas SOS decreased continuously with advancing age as though the 

elasticity and stiffness of the bone started to deteriorate from a younger age than its 

density and structure. This earlier decline of SOS compared to BUA is also evident in 

the current study from the Z scores for normal postmenopausal women which were 

higher for SOS than BUA.

4,2,4,8 Correlations between rates o f  change o f  the parameters

Svendson et al (1992) found similar correlations for the change in spine BMD and 

calcaneus BMD over one year ( r=0.38, p<0.01) to those found in this study. Schott et 

al (1995) found no significant correlation between changes in BUA and SOS as in this 

study but in contrast did find that changes in hip BMD were related to changes in 

BUA, SOS and stiffiiess. Fouilles et al (1993) observed that changes in spine and hip 

BMD were related (r=0.58, p<0.001).

In the current study no such association was observed in spite of the close correlation 

between spine and hip BMD values (r=0.80). The fact that changes in spine and 

calcaneus BMD were related to each other but not to changes in femoral neck BMD 

perhaps reflects the type of bone at these sites. In summary it seems that changes in 

one skeletal site or by one technique can reflect changes in another skeletal site or 

measurement by another technique but not sufficiently closely to allow accurate 

prediction of one from another.
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4.2,4,9 Effect o f  weight and height on DXA and ultrasound parameters

While the value of BMD measurements of the calcaneus has sometimes been 

questioned due to a perceived excessive association with body weight, the results of 

this study and other published studies show that other clinically relevant skeletal sites, 

such as the femoral neck, are equally dependent on body weight (Svendsen et al 1992; 

Vogel 1987; Rossman et al 1989). This study showed that although the calcaneus is a 

weight bearing bone, the ultrasound parameters seem to measure an aspect of bone 

that is independent of body weight.

Glauber et al (1995) found that weight was the largest determinant of bone density at 

all sites and explained 6-20 % of overall bone density variability. The r̂  values for 

weight adjusted for age were 16.2 %, 15.2 % and 19.2 % for the femoral neck, spine 

and calcaneus respectively. Glauber et al (1995) also observed that height and frame 

size had small effects independent of weight.

4.3 PREDICTION OF FRACTURE PREVALENCE

4.3.1 Results

4.3.1.1 Details o f  subject groups

Vertebral status was assessed in 33 postmenopausal women by lateral spine 

morphometry measurements on a Hologic QDR4500 as described in Chapter Two. 

The fracture indices used were the number of deformed vertebrae identified by visual 

inspection (Nvis) by the Minne algorithm (NMin) and by the McCloskey algorithm 

(NMc). The characteristics of the fracture and nonfracture groups are shown in Table 

4.16. There was a significant difference between the groups for YSM but not for any 

other variable. The Nvis and NMin results showed significant correlation with age 

(r=0.37, p=0.035). None of the fracture parameters were significantly correlated with 

weight or height. NMin and Nvis were significantly correlated to YSM with 

correlation coefficients of r=0.54, p=0.0012 and r=0.47, p=0.0061 respectively.
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Table 4.16 Characteristics of postmenopausal women with and without vertebral
fractures

Parameter Fracture group 
(n=19) 

mean ± sd

Nonfracture 
group (n=14) 

mean ± sd

Significance of 
difference

Age (y) 64.9 ± 12.4 58.4 ± 7 .8 NS
Weight (kg) 66.9 ± 12.9 66.1 ±9 .9 NS
Height (cm) 160.0 ±8 .2 160.4 ± 7 .3 NS
Age of m enarche (y) 13.2 ±1 .3 13.2 ± 1 .5 NS
Age of m enopause (y) 47.8 ±5 .0 50.0 ± 5 .8 NS
Years since 
m enopause

17.2± 11.3 8.4 ± 12.4 0.04

4.3.1.2 Measurement results

Nineteen women out o f 33 had at least one visually reported fracture. The number of 

fractures varied from 1 to 7. Twenty-two out o f 33 women had at least one deformed 

vertebra according to the Minne classification. The number o f deformities ranged 

from 1 to 9. The McCloskey method is much more severe in the definition o f what 

constitutes a fracture and 8 o f the women were identified as having fractures with the 

number o f fractures ranging from 1-5.

4.3.1.3 Correlation within fracture indices

The correlation between different fracture assessment methods was determined with 

Spearmans rank correlations. The number o f fractured vertebra according to Minne 

and McCloskey were not significantly correlated. The visual assessment o f fracture 

however was significantly correlated with NMin (r=0.76, p=0.0001) and NMc 

(1-0.57, p=0.0005).

4.3.1.4 Correlations between fracture and BMD parameters

The number o f visually identified deformities (Nvis) was used as the measure of 

fracture status. BMD measured at the spine, hip and calcaneus were significantly 

correlated to fracture status with similar correlation coefficients as shown in Table 

4.17. In addition fracture status also showed a significant association with the change 

in calcaneus BMD in 1 year. Spine, femoral neck and calcaneus BMD (in the
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posterior calcaneus) were significantly different in the fracture and nonfracture group 

as shown in Table 4.17. However the significance disappears when the data are 

corrected for age, BMI and YSM. The % change in posterior calcaneus BMD was 

significantly different in the 2 groups both before and after adjustment for age, BMI 

and YSM. The % change in spine BMD was significantly different only after 

adjustment for age, BMI and YSM. Over a period o f one year both the fracture and 

nonfracture group showed a mean decrease in calcaneus BMD.

Table 4.17 Correlation between BMD and ultrasound parameters and fracture status in
33 postmenopausal women

Parameter Correlation 
coefficient r

p-vaiue p-value 
adjusted ^

Spine BMD -0.47 0.03 0.15
Femoral neck BMD -0.43 0.03 0.15
Calcaneus BMD (whole) -0.47 0.06 0.27
Calcaneus BMD (post) -0.55 0.02 0.09
Change In calcaneus BMD (whole) -0.47 0.05 0.11
Change in calcaneus BMD (post) -0.36 0.03 0.04
Change in spine BMD NS 0.06 0.02
BUA -0.51 0.02 0.14
8 0 S -0.47 0.04 0.16
Stiffness -0.49 0.04 0.16
Change in stiffness NS 0.02 0.65

4.3.1.5 Correlations between fracture and ultrasound parameters

All ultrasound parameters measured were significantly correlated to fracture status 

with very similar correlation coefficients. The results are shown in Table 4.17. The 

changes with time in the repeated measurement group were not related to fracture 

status. BUA, SOS and stiffness were all significantly lower in the fracture group 

compared to the nonfracture group but this was no longer significant after correction 

for age, BMI and YSM.

4.3.1.6 Z  scores

Table 4.18 shows the Z scores for fracture calculated for BMD and ultrasound 

parameters compared to a young reference group. All Z scores are significantly
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different for the fracture group compared to the nonfracture group except for whole 

calcaneus BMD. The Z score for this parameter is higher than other parameters in the 

nonfracture group. Z scores for BMD parameters were better than for ultrasound Z 

scores for fracture discrimination

Table 4.18 Comparison of Z scores for BMD and ultrasound in postmenopausal women
with and without vertebral fractures.

Nonfracture group 
(n=14) mean ± sd

"Fracture group 
(1=19) mean ± sd

Significance 
of difference

Spine BMD -1.5±  1.6 -0.3 ± 1 .5 0.03
Femoral neck BMD -1.7 ± 1.3 -0.4 ± 1.6 0.02
Calcaneus BMD (whole) -1.7 ± 1.8 -0.5 ± 1 .8 0.06
Calcaneus BMD (post) -1 .5±  1.8 0.0 ± 1.7 0.02
BUA -1.1 ± 0 .9 -0.2 ± 1 .3 0.02
SOS - 1.1 ±  1.0 -0.3 ± 1 .2 0.04
Stiffness - 1.1 ±  1.0 -0.3 ± 1.2 0.04

4.3.2 Summary Points

1. Nineteen women out of 33 had visually identified vertebral deformities. The 

number of fractures was significantly correlated to Minne and McCloskey 

assessments of fractured vertebrae.

2. There was a significant correlation between fracture status and age but not weight 

or height.

3. BMD at the spine, femoral neck and calcaneus were significantly correlated to 

fracture status as were changes in one year in BMD of the calcaneus.

4. BUA, SOS and stiffness were significantly correlated to fracture status but changes 

in these were not.

5. All techniques gave Z scores for the prediction of fracture prevalence which were 

significantly different for fracture and nonfracture groups. BMD Z scores were 

higher than for ultrasound by approximately half a standard deviation.

6. Only changes in spine and posterior calcaneus BMD were significantly different in 

fracture and nonfracture groups after adjustment.
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4.3.3 Discussion

4.3.3.1 Fracture and BMD

In this study calcaneus was shown to be a very suitable site for BMD measurement 

and was equal or superior to spine and femoral neck BMD in differentiation between 

fracture cases. Changes in one year in spine and calcaneus BMD were the only 

parameters out of all BMD and ultrasound assessments that were significantly 

different in fracture and nonfracture groups after adjustment for age, BMI and YSM. 

Others have found significant associations between BMD and fracture status but the 

effects of age and YSM are not always accounted for. Cheng et al (1994) found that 

the calcaneal BMD measured by SPA was significantly lower in 75 year old women 

with non-spinal fractures than without. Katagiri et al (1994) also found a significant 

difference in calcaneal BMD (p<0.001) and spine BMD (p<0.05) in women with 

(n=67) and without (n=96) vertebral fracture. The value of calcaneus BMC also 

decreased significantly as the number of spine fractures increased. Lancaster et al 

(1989) also found a significant relationship between calcaneal bone mass and fracture 

prevalence (r=0.74, p<0.001).

In a study of 1098 Japanese women Wasnich (1987) found that subjects in the lowest 

quartile of calcaneus BMC had a fracture rate of 9.9 % per year compared to 0.6 % 

per year in the highest quartile. The relative risk of fracture increased exponentially 

for decreasing levels of calcaneus BMC (p <0.004). Lumbar spine BMC also related 

to spine fracture incidence although the association was weaker. Wasnich et al (1987) 

concluded that the appendicular sites such as the calcaneus were better indicators of 

spine fracture risk than spine measurements. In contrast Laval-Jeantet et al (1995) 

found that DXA of calcaneus was not predictive of vertebral or peripheral fractures 

unlike vertebral DXA or QCT. Yamada et al (1994) found that 27 women with spinal 

fractures had significantly lower BMD in the calcaneus than 77 controls. Ross et al 

(1987) reported that the BMC of the lumbar spine (8.2 %) and calcaneus (16.1 %) 

were significantly lower in women with fractures compared to those without, even 

after adjustment for age, height and weight. BMD in the calcaneus has been found to
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be significantly correlated to fractures occurring before the age of 70 years and a 

predictor for fractures between 70 and 76 years of age (Johansson et al 1993).

4.5.3.2 Fracture and ultrasound

In this study ultrasound parameters were significantly correlated to fracture 

prevalence until adjusted for age, BMI and YSM when the difference between the 

groups was no longer significant. Adjustment for calcaneus BMD increased p-values 

further. Others have found that BUA discriminates fracture cases as well as axial 

BMD (Funke et al 1995; Kroger et al 1995). More importantly Gonnelli et al (1995) 

found that BUA, SOS and stiffness were independent predictors of fractures risk. 

Similarly Van Daele (1994) concluded that ultrasound could discriminate non-spinal 

fractures independently of BMD at the femoral neck. Bauer et al (1995) reached the 

same conclusion for vertebral fractures after age and weight corrections were made.

Turner et al (1995) found that SOS was a better discriminator of hip fracture than 

femoral neck and the ability of ultrasound to classify vertebral fracture was similar to 

spinal BMD. Correlations of ultrasound and densitometric measurements were weak 

suggesting that the ability to discriminate fracture may result from factors other than 

density. When the ultrasound values were corrected for density the discrimination of 

hip fracture remained but ultrasound no longer discriminated vertebral fracture 

patients from controls. In contrast to these results Reid et al (1994) found significant 

reductions in BMD of the spine and femoral neck in 16 women with vertebral 

fractures compared to 134 women with no fractures but no significant reduction in 

BUA. They concluded that BUA was not a good discriminatory tool in those with 

vertebral fracture compared with BMD of the spine and hip. Hence the evidence for 

the value of ultrasound measurements to discriminate fracture is mixed, with some 

indication that it may be as good as BMD measurements but no better.

4.3.3.3 Z  scores

In this study higher Z scores for fracture were found for BMD parameters compared 

to ultrasound. Herd et al (1993) in a study of 229 women including 43 women with 

vertebral fractures found that lumbar spine BMD gave the best discrimination while
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femoral neck BMD gave Z scores equivalent to the ultrasound parameters. Vega et al

(1994) observed that the Z scores of BUA and SOS were lower than the Z score of the 

femoral neck BMD, but that stiffness was as good a discriminator between hip 

fracture and controls women as the BMD of the proximal femur. This contradicts the 

results from the current study in which stiffness gave no additional sensitivity to 

fracture and showed equivalent Z scores to SOS. However Wendt et al (1996) found 

that the Z score for stiffness (-3.1) was somewhat higher than for BUA (-2.5) and SOS 

(-3.0) for 55 female osteoporotics (43-85 years) compared to young normals.

The confounding effect of osteoarthritis on spine BMD is illustrated in the study by 

Kotzki et al (1993). For women with vertebral fractures but no osteoarthritis the Z 

scores for calcaneus and spine BMD were -1.83 and -1,99 respectively. However in 

women with vertebral fractures and osteoarthritis the corresponding values were -1.92 

and -0.49. Similarly Ryan et al (1992) measured 57 postmenopausal women with 

osteoporosis by DXA. The average Z score for fractured vertebrae was -1.62 but for 

uncollapsed vertebrae it was significantly different at -2.26. These results illustrate the 

fact that when a degenerative process occurs in the spine, the average Z score for 

spine BMD is artificially raised. This does not occur when the calcaneus is used.

4.4 CONCLUSIONS

In this study the calcaneus has been shown to be a suitable site for measurements of 

bone density. Calcaneal BMD is lower in the anterior part of the bone but showed 

little variation in the posterior region. Optimum measurement ROIs were the whole 

calcaneus or the posterior circular ROI. Calcaneus BMD showed excellent precision, a 

higher rate of loss in postmenopausal women and a higher decrement from peak bone 

mass to the eighth decade than spine or femoral neck BMD. Calcaneus BMD was 

significantly correlated to axial BMD (with a higher correlation for the spine) and was 

no more dependent on body weight than femoral neck BMD. All BMD and ultrasound 

parameters were significantly lower in postmenopausal women with spinal osteopenia 

than normals. All BMD sites gave equivalent Z scores which were higher than those
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for the ultrasound parameters. Ultrasound parameters were better correlated to 

calcaneus BMD than axial BMD but there was no significant improvement in the 

correlation by matching the ultrasound and BMD measurement sites in the calcaneus. 

Ultrasound BUA and SOS showed smaller changes with age than BMD parameters.

In the fracture and nonffacture groups the calcaneus was again the superior 

measurement site showing the highest correlation with fracture status although all 

BMD and ultrasound parameters were significantly correlated to fracture prevalence. 

Neither technique showed a significant difference in values for the fracture and 

nonffacture groups after adjustment for age, BMI and YSM. However the percentage 

change in calcaneus and spine BMD over one year was significantly different between 

the groups. This again underlines the value of measurements in the calcaneus which is 

more precise than the hip and in this study has shown superior results. It is also less 

sensitive to the degenerative changes that can make the spine measurement unreliable 

in elderly patients.
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Chapter Five In-vivo MRI and Comparison of 
Techniques

5.1 INTRODUCTION

This chapter describes the measurement of MRI relaxation times in the calcaneus of 

32 postmenopausal women which are a subgroup of the groups N and O described 

earlier. These will be denoted group and 0 ^  to signify normal and osteopenic 

according to the same definitions as used earlier. To provide reference values a group 

of 14 young, normal women was also measured. This group will be referred to as 

to distinguish them from the DXA and ultrasound normal group. Measurement results 

for groups and 0 ^ , which consist of 17 and 15 women respectively, are given and 

compared to the results presented in Chapter Four for DXA and ultrasound. The study 

group were then reclassified according to the presence or absence of vertebral 

fractures as measured by MXA and the ability of MRI to discriminate between them 

was assessed.

5.2 RESULTS IN NORMAL AND OSTEOPENIC WOMEN

5.2.1 Subjects and Measurements

Details of the groups of subjects who had MRI scans are given in Table 5.1. There 

was a significant difference in the age and YSM for the two groups which has been 

adjusted for in the analysis.

The MRI scan and duration were acceptable to all subjects even the most elderly. 

Good quality images were obtained with the PRIME sequence for all subjects and no 

data was rejected. A typical example of the first set of gradient echo images is shown 

in Figure 5.1. T2’, T2 and T2* relaxation times were calculated from the MR images
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by placement of a circular ROI in the posterior part of the calcaneus avoiding the low 

density region in the anterior of the bone. This low density area, which was not used 

for MRI measurements, is easily visible on the images as the bright region which 

remains bright through the sequence of images as the lack of trabeculation in this area 

results in little susceptibility induced signal loss. This area stands out better in these 

images than in Figure 2.8 due to the age difference of the subjects. The denser 

trabeculation in the calcaneus of the 30 year old subject in Figure 5.1 causes faster 

signal losses than the equivalent images for the 80 year old woman. Further details of 

the measurement sequence and analysis have been described in Chapter Two.

Table 5.1 Characteristics of women who had MRI measurements

Parameter Group Ym 
n=14 

mean ± sd

Group Nm 
n=17 

mean ± sd

Group Om 
n=15 

mean ± sd

Difference between 
groups Nm and 0„  

p-value
Age (y) 28.9 ± 4 .4 57.0 ±7 .8 68.1 ± 11.8 0.004

Age range (y) 21-36 43-73 47-87 -

Weight (kg) 59.1 ±6 .2 68.6 ± 10.9 65.7 ± 12.6 NS

Height (cm) 166.1 ±6 .2 162.2 ±6 .7 158.2 ± 8 .6 NS

Age of m enarche (y) 12.9± 1.1 13.3 ±1 .4 13.2 ± 1 .4 NS

Age of m enopause (y) 49.1 ±5 .5 48.0 ± 5 .5 NS

YSM 8.0 ± 10.4 20.1 ±11 .9 0.004
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Figure 5.1 First six MRI PRIME images of the calcaneus of a 30 year old female

l)T E = 10 .0m s 2)TE=18.4 ms

3) TE=26.8 ms 4) TE=35.2 ms

5) TE=43.6 ms 6) TE=52.0 ms
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5.2.2 Relaxation times

The results for premenopausal, normal and osteopenic postmenopausal women are 

given in Table 5.2. Measurements of T2’ and T2* were highly correlated (r=0.99, 

p<0.0001) as shown in Figure 5.2. T2* also showed a relationship with T2 (r=0.36, 

p<0.05). T2’ and T2* were significantly different between normal and osteopenic 

postmenopausal women with p<0.01. T2 was not significantly different between the 

two groups. After adjustments for age, BMI and YSM, T2’ and T2* differences 

between normal and osteopenic women were of borderline significance only with p- 

values of 0.059 and 0.056 respectively.

Z scores were calculated for discrimination of osteopenia. It should be remembered 

that with MR relaxation times osteopenic women have higher values than normals 

therefore positive rather than negative Z scores indicate the expected difference from 

the young reference group. The Z scores are given in Table 5.2 and show that for 

group N^, except for T2, the results are very similar to that of the reference group. For 

T2, values were lower for the postmenopausal women. The differences in Z score 

between groups and were significantly different for T2’ and T2* but not for 

T2.

Table 5.2 Results for MRI measurements of relaxation times in pre and postmenopausal
women

Group Ym 

m ean±sd

Group N„ 

mean ± sd

Group Om 

mean ± sd

Difference 
groups N 
p-value

i  between 
m and Dm 

p-value*
T2’ ms 14.3±  1.9 14.1 ±2.1 16.4 ± 2 .4 0.006 0.06

T2* ms 11.4±  1.2 11.2 ± 1.3 12.8± 1.5 0.004 0.06

T2 ms 57.2 ± 1.8 55.9 ±2 .6 57.9 ±3.1 0.06 0.6

p-value adjusted for age, BMI and YSM
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Figure 5.2 Correlation between calcaneal T2’ and T2* in all subjects
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5.2.3 Dependence on age and weight

T2’, T2 and T2* all showed a significant correlation with age (p<0.01) with r=0.38,

0.49 and 0.42 respectively. Figure 5.3 shows T2’ plotted against age. The regression 

line through the data for postmenopausal women amounts to an annual increase in T2’ 

of 0.089 ms or 0.58 %. For T2* the patterns were very similar with no perceptible 

change before menopause. The rate of change of T2* in the postmenopausal women 

was 0.061 ms per year or 0.52 %. Figure 5.4 shows the results for T2 which show a 

different pattern. There seems to be a decrease in T2 from premenopause to early 

postmenopause and then an increase after about age 70 years. The postmenopausal 

increase in T2 was 0.15 ms per year or 0.26 %. None of the parameters were 

correlated with age at menarche or menopause but T2 and T2* were significantly 

correlated with YSM with r=0.53, p=0.002 and r=0.35, p=0.046 respectively. T2’ was 

not significantly correlated with YSM. The change of T2* with YSM as shown in 

Figure 5.5 seems to be linear. However for T2 (Figure 5.6) there is an abrupt change 

at about 20 years postmenopause. T2 is significantly different in premenopausal 

women compared to postmenopausal women who are less than 20 years since 

menopause (p=0.006). Also there is a significant difference in T2 for postmenopausal
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women less than 20 years postmenopause compared to women more than 20 years 

postmenopause (p=2.03x10’̂ ). The same differences apply if an age of 68 years is 

used as the cut-off instead of 20 years postmenopause.

T2’ was significantly negatively correlated with weight (r=-0.37, p=0.036). None of 

the parameters were significantly correlated with height.

Figure 5.3 Age dependence of T2’ measured in the calcaneus
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Figure 5.4 Age dependence of T2 measured in the calcaneus
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Figure 5.5 Dependence of calcaneal T2* on years since menopause
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Figure 5.6 Dependence of calcaneal T2 on years since menopause
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5.2.4 Summary Points

1. Values of T2’ and T2* were well correlated (r=0.99, p<0.0001) and were 

significantly different in normal and osteopenic postmenopausal women. The 

difference was of borderline significance only after adjustment for age, BMI and 

YSM (p=0.06). There was no significant difference in T2’ and T2* between normal 

premenopausal and postmenopausal women.

2. T2 was significantly different between premenopausal women, women less than 20 

years postmenopause and women more than 20 years postmenopause.
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3. Z scores for normal and osteopenic postmenopausal women were significantly 

different for both T2’ and T2*. Differences were about 1 sd.

4. All MRI parameters showed significant correlation with age. Postmenopausal rates 

of change were 0.6 %, 0.3 % and 0.5 % respectively for T2’, T2 and T2*. T2 

showed a different pattern with age with a decrease from premenopause to early 

postmenopause and then an increase.

5. T2’ was significantly correlated with weight.

5.3 COMPARISON TO DXA AND ULTRASOUND

5.3.1 Correlations with DXA and ultrasound

The correlations between MRI parameters and bone densitometry are shown in Table 

5.3. There is high correlation between T2’ and T2* and calcaneus BMD in all regions 

of the calcaneus with p<0.0001. T2’ and T2* were significantly correlated to spine 

BMD but not to femoral neck BMD. This probably reflect the fact that calcaneus 

BMD is better correlated to spine BMD than femoral neck BMD.

The correlations between MRI parameters and the ultrasound measures are also given 

in Table 5.3. T2’ and T2* were significantly correlated to BUA, SOS and stiffness.
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Table 5.3 Correlation of MR parameters with DXA and ultrasound in groups and
Om combined

^ ; V / r  T2* T2 12*

Calcaneus BMD (Fixed -0.84 -0.36 -0.85
ROI) <0.0001 0.0406 <0.0001

Calcaneus BMD (Whole) -0.80 -0.37 -0.81
<0.0001 0.04 <0.0001

Calcaneus BMD -0.79 -0.32 -0.80
(Posterior circle matched to 
MRI m easurement)

<0.0001 0.07 <0.0001

Spine BMD -0.51 -0.33 -0.53
0.003 0.07 0.002

Femoral neck BMD -0.33 -0.29 -0.34
0.07 0.1 0.06

BUA -0.59 -0.43 -0.63
0.0004 0.0144 <0.0001

SOS -0.58 -0.34 -0.61
0.0006 0.0581 0.0003

Stiffness -0.58 -0.38 -0.61
0.0006 0.0353 0.0002

T h e  u p p e r  f ig u re  is th e  c o r r e la t io n  c o e f f ic ie n t  r  a n d  th e  f ig u re  u n d e rn e a th  is th e  p- 
v a lu e

5.3.2 Comparison of Z scores by all measurement techniques

Table 5.4 shows the Z scores for normal and osteopenic postmenopausal women for 

all measurement techniques used. The figures for MRI are based on 32 subjects while 

the DXA and ultrasound results are based on 55 subjects. Densitometry shows the 

highest values indicating that this technique is best able to distinguish osteopenic from 

normal women. The classification of osteopenia is based on the spine BMD, but 

femoral neck and calcaneus BMD show very similar Z scores. BUA, SOS and 

stiffness, T2* and T2’ also show significant differences between Z scores for normal 

and osteopenic postmenopausal women but the values are lower than for DXA. The Z 

scores for T2 are not significantly different in normal and osteopenic postmenopausal
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women and, as expected, this is not a suitable discriminatory parameter. Overall Z 

scores for DXA of spine, femoral neck or calcaneus are about 2 sd lower in osteopenic 

postmenopausal women compared to normal postmenopausal women. For ultrasound 

the difference is about 1.4 sd and for MRI the difference is about 1 sd.

Table 5.4 Comparison of Z scores and age-related changes for BMD, ultrasound and 
MRI in normal and osteopenic postmenopausal women

Parameter Normal.

mean ±sd

Osteopenic

mean ± sd

Annual rate of 
change

%
C alcaneus BMD (whole) -0.24 ± 1.50 -2.51 ± 1.13* - 1.2
Spine BMD -0.15 ± 1.07 -2.54 ± 0.68* -0.9
Femoral neck BMD -0.55 ± 1.35 -2.50 ± 0.92* -0.9
BUA -0.23 ± 1.13 -1.58 ±0.76* -0.5
SOS -0.47 ± 1.10 -1.85 + 0.64* - 0.1
Stiffness -0.40 ± 1.10 -1.80 ± 0 .6 7 ' -0.9
T2’ -0.08 ± 1.11 1.15± 1.26' 0.6
T2 -0.71 ±1.47 0.41 ±1 .76  NS 0.3
T2* -0.13 ± 1.10 1.12± 1.18' 0.5

* p-value for difference in Z scores is <0.0001 
** p-value for difference in Z scores is <0.01

5.3.3 Comparison of age related changes by all measurement 

techniques

Annual rates of change in BMD, ultrasound and MRI parameters in postmenopausal 

women determined from the cross-sectional data are given in Table 5.4. The annual 

rate of change is greatest for the calcaneus while spine BMD, femoral neck BMD and 

stiffness change at a slightly lower rate. T2’, T2* and BUA changes are of the same 

order and lower values were observed for T2 and SOS. Average SOS changes were 

only 0.1 % per year.
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5.3.4 Summary Points

1. There was good correlation between T2’ or T2* and calcaneus BMD in all regions 

of the calcaneus (r=0.80). T2’ and T2* were significantly correlated to spine but 

not femoral neck BMD.

2. T2’ and T2* were significantly correlated to all ultrasound parameters.

3. Z scores for osteopenia were best for DXA (~2 sd ), lower for ultrasound (-1.4 sd) 

and lowest for MRI (~1 sd).

4. The greatest annual changes in postmenopausal women were for calcaneus BMD 

followed by, in order, spine BMD, femoral neck BMD, BUA, T2*,T2’ and 

smallest for SOS.

5.4 PREDICTION OF VERTEBRAL FRACTURES

5.4.1 Correlation with vertebral fracture

MRI measurements were compared to the fracture indices described in Chapter Two. 

T2’ and T2* measured in the 32 postmenopausal women showed significant 

correlations with the number of fractures as determined by Minne (r=0.38, p=0.03 for 

both T2’ and T2*). None of the MRI parameters were significantly correlated with 

any of the other fracture indicators including visually determined fracture status.

MRI parameters were compared in women with and without vertebral deformities 

defined by visual assessment. The details for the fracture and nonfracture groups are 

given in Table 5.5. Values for MRI parameters in the 2 groups are shown in Table 5.6. 

There was no significant difference in the MRI parameters between postmenopausal 

women with or without evidence of vertebral deformities. Further correction for age, 

BMI and YSM increased p-values for T2’ and T2* but correction for calcaneus BMD 

improved them. This may indicate that MRI is providing density independent 

information that is relevant to prediction of fi-acture prevalence. This effect of
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reduction of p-values was not seen for ultrasound parameters and correction for 

calcaneus BMD made p-values worse.

Table 5.5 Characteristics of the 32 postmenopausal women with and without vertebral 
deformities who had MRI measurements.

Parameter ; Fracture 
(n=19) 

mean ± sd

Nonfracture 
(n=14) 

mean ± sd

p value for 
difference

Age (y) 64.9 ±12 .4 58.2 ±8.1 NS
Weight (kg) 66.9 ± 12.9 66.5 ± 10.1 NS
Height (cm) 160.0 ±8 .2 160.8 ± 7 .5 NS
Age of m enarche (y) 13.2 ± 1.3 13.2 ± 1.5 NS
Age of m enopause (y) 47.8 ±5 .0 50.0 ± 5 .8 NS
YSM 17.2± 11.3 8.4 ± 12.4 0.04

Table 5.6 Differences in MRI parameters between postmenopausal women with and
without vertebral fractures

Parameter Fracture 

mean ± sd

No fracture 

mean ± sd

Significance of difference 
p-value

unadjusted adjusted* adjusted*
T2’ ms 15.6 ±2 .7 14.6 ±2.1 0.26 0.52 0.18

T2 ms 57.4 ± 3.2 56.0 ±2 .6 0.18 0.89 0.77

T2* ms 

a * ,• . , ^

12.2 ±1 .7 11.6 ± 1.4 0.26 0.58 0.13

Adjusted for age, BMI, YSM and calcaneus BMD.

5.4.2 Fracture Z scores and comparison to DXA and ultrasound

Table 5.7 gives the fracture Z scores for all techniques. For all ultrasound and DXA 

parameters there was a significant difference between the Z scores for osteopenic 

postmenopausal women and for normal postmenopausal women. The overall 

difference in Z scores between the 2 groups was about 1.2-1.5 sd for BMD and 0.8-

0.9 sd for ultrasound. For the MRI parameters the Z scores for osteopenic women
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were higher than for normal women by approximately 0.5 sd, however this difference 

was not statistically significant.

Table 5.7 Comparison of Z scores in postmenopausal women with and without
vertebral fractures

Parameter Fracture (n=19) 
mean ± sd

Nonfracture (n=14) 
mean ± sd

p-vaiue

Spine BMD -1.5 ± 1.6 -0.3 ± 1.5 <0.05
Femoral neck BMD -1.7 ± 1.3 -0.4 ± 1.6 <0.05
C alcaneus BMD (whole) -1.7 ± 1.8 -0.5 ± 1.8 <0.05
Calcaneus BMD (post) -1.5 ± 1.8 0.0 ± 1 .7 <0.05
BUA -1.1 ± 0 .9 -0.2 ± 1.3 <0.05
80S - 1.1 ±  1.0 -0.3 ± 1.2 <0.05
Stiffness - 1. 1±  1.0 -0.3 ± 1.2 <0.05
T2’ 0.71 ± 1.44 0.17 ± 1.11 (n=13) NS
12 0.15 ± 1.78 -0.67 ± 1.45 (n=13) NS
1 2 * 0.67 ± 1.37 0 .13±1 .13(n= 13) NS

5.4.3 Risk classification by different techniques

Figure 5.7 shows BUA and BMD of the posterior calcaneus plotted against each other 

with the dashed lines on the graph representing the mean for the young normal 

reference group minus 2 standard deviations. Subjects with values below this would 

normally be regarded as ‘at risk’ by that technique. The four quadrants of the graph 

are labelled ‘L’ to indicate that a subject with a value lying in this area would be 

considered ‘low’ by both parameters plotted. Values in the quadrant marked ‘N’ 

would be regarded as normal by both techniques. The areas of the graph marked ‘?’ 

indicate that values in these regions would be considered normal by one technique but 

low by another. Figure 5.7 indicates that 8 subjects (14 %) would be classed as low on 

the basis of calcaneus BMD but would be regarded as normal by ultrasound. Only 2 

subjects showed normal calcaneus BMD but a low BUA value.

In Figure 5.8 similar plots are shown for measurements of BMD, BUA and T2’ in the 

calcaneus of the postmenopausal women with and without vertebral fractures. In the 

main, all subjects without vertebral fractures were properly classified in the normal
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area of the graphs. However subjects with vertebral fractures showed a wide range of 

results including values lying in the normal area of the graphs.

Figure 5.7 BMD and BUA of the calcaneus in 55 postmenopausal women
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Figure 5.8 Plots of BMD, BUA and T2’ in the calcaneus of 32 women with (circles) and
without (diamonds) vertebral fractures
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5.4.4 Summary Points

1. T2’ and T2* showed significant correlation with number of fractures as determined 

by Minne, but not by visual assessment. There was no significant difference in 

MRI, DXA and ultrasound parameters between postmenopausal women with and 

without fractures.

2. Z scores for fracture and nonffacture postmenopausal women were significantly 

different for DXA and ultrasound but not for MRI. DXA was superior to 

ultrasound.

3. All postmenopausal women without fractures were correctly classified by 

calcaneus BMD, BUA or T2'. However patients with vertebral fractures showed a 

wide range of values including results in the normal range.

5.5 DISCUSSION AND CONCLUSIONS

5.5.1 Discussion

5.5.1.1 Comparison o f  M RI results with the literature

The results for T2* observed in this study are generally consistent with values from 

the literature. Guglielmi et al (1994) measured T2* at different locations within the 

calcaneus of 6 normal young volunteers with normal calcaneal bone density. Sagittal 

T2* was 10.26 ± 1.89 ms (range 7.69-13.30 ms) and axial T2* was 8.08 ± 1.01 ms 

(range 6.84-9.70 ms). Selby et al (1994) measured the calcaneus in 5 healthy 

volunteers using gradient echo. They observed strong regional variations in T2* in the 

calcaneus which appeared to correspond to observed variations in trabecular structure. 

Shortest values were in the subtalar region (7-13 ms) where trabeculae appeared 

thickest, others varied from 14-39 ms. They observed the longest values of T2* in the 

anterior region where the density is lowest. This is the same area as shown in Figure 

5.1. Selby et al. (1994) observed little or no trabeculation and large marrow spaces in
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this region. They found that the trabecular structure appeared fairly uniform over the 

posterior region, where variations in T2* were smallest.

There are no reported values of T2’ and T2 for the calcaneus. A number of reports 

exist of T2 in the lumbar spine. These exhibit a large range which may be due to the 

large influence that pulse sequence has on these measurements (Luyten et al 1987). 

Kroger et al (1995) measured T2 in the L3 vertebral body for 24 men and 8 women. 

Mean values for T2 were 43.2 ± 2.6 ms for men and 47.1 ± 3.5 ms for women. Smith 

et al (1989) found that mean T2 in controls was 43.4 ± 6.3 ms which is somewhat 

lower than found in this study but in agreement with Kroger et al (1995). Sugimura et 

al (1987) measured T2 relaxation times in the spine of patients with bone marrow 

diseases of the spine. T2 in 7 controls ranged from 68-87 ms which is higher than the 

values found in this study and those quoted by Kroger et al (1995) and Smith et al 

(1989).

5.5,1.2 Differences between study groups

This study showed that both T2’ and T2* measured in the calcaneus were higher in 

postmenopausal women with low BMD than with normal BMD. This confirms the 

results of a number of studies in other bone sites. Funke et al (1994) measured the 

lumbar spine (L4) in 42 healthy subjects and 16 osteoporotics (although no definition 

is given for the classification). Osteoporotics showed a significant increase of T2* 

(19.7 ± 3.8 ms) compared to healthy subjects (13.4 ± 1.9 ms). No correction for age 

and YSM was mentioned. Grampp et al (1996) found that measurements of 1/T2* in 

the distal radius were significantly different in premenopausal women and normal 

postmenopausal women but could not distinguish between normal and osteoporotic 

postmenopausal women.

Wehrli et al (1995) describe results in a group of 77 controls of mean age 46.6 ± 14.9 

years (including 47 premenopausal women) and 59 osteoporotics with spine DXA 

<0.9 %/om or vertebral fractures. The age range of the patients is given as 20-79 years 

with a mean of 59.7 ± 10.2 years. Hence this group must also contain premenopausal 

women although the number is not specified. There was a significant difference in
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1/T2* between the groups even after age correction on the basis of a linear model. 

However no mention is made of years since menopause which in the current study 

was significantly correlated with T2*.

5.5,1.3 Age related changes in T2* and T2*.

Changes in T2’ with age have not been previously reported in the literature. Some 

results have been published for T2* with age but often in small patient groups which 

make it difficult to readily identify trends in the data. Allein et al (1995) measured 

1/T2* in 19 postmenopausal women and divided it by BMI. This parameter did not 

start to decrease until about 20 years postmenopause whereas BMD (also divided by 

BMI) decreased in a linear fashion with years since menopause. This may indicate 

that during the first 20 years postmenopause the amount of bone decreases, but the 

trabecular structure stays unaltered. This finding is attractive but difficult to reconcile 

with the results of this study which showed a small steady increase in T2* with age 

and with the reported close association of T2* and bone density. Grampp et al (1996) 

measured 1/T2* in the distal radius in premenopausal women, normal and 

osteoporotic postmenopausal women. 1/T2* was significantly correlated with age in 

25 healthy postmenopausal women with r=-0.44 to -0.50. The percentage annual 

decrease compared to values for 30 year old women were 0.47 to 0.81 %. This is 

similar to the changes observed in this study. Wehrli et al (1995) found that 1/T2* in 

the lumbar spine of 136 women decreased significantly with age in all lumbar 

vertebra except for LI. For L2-L5 the correlation coefficient in postmenopausal 

controls was r=-0.43 with a slope of -0.90 s’* per year. In both patients and controls 

the slope was 0.41 s'̂  per year which is exactly in accord with the results of the 

current study when reanalysed in terms of 1/T2*.

In this study T2’ and T2* showed a similar annual rate of change to ultrasound BUA. 

Bone density changes for the calcaneus, spine and femoral neck changed at 

approximately twice this rate at roughly 1.0 % per year.
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5.5,L4 Age related changes in T2

In this study T2’ and T2* were significantly correlated with the age. This is as 

expected due to the likely changes in bone density and structure with age. The result 

that T2 showed the strongest correlation with age is more surprising. The pattern of 

change in T2 with age was different from T2’ or T2*. The significantly higher T2 in 

premenopausal women compared to women less than 20 years postmenopause may be 

due to changes in bone marrow composition at the time of menopause. Similarly the 

fact that T2 was significantly higher in women more than 20 years postmenopause 

than in women less than 20 years postmenopause may be due to further changes in 

bone marrow composition. However bone marrow in the calcaneus is predominantly 

fatty and changes with age that would relate to changes in T2 are predominantly 

associated with a change from red to yellow marrow. An alternative explanation of the 

results is that T2 decreases in women from age 20 years to about 70 years i.e. until 

approximately 20 years postmenopause. At this time there may be structural changes 

in trabecular structure relating in the removal of entire struts of trabeculae. The space 

occupied by these would be replaced by marrow (Dunnill et al 1967). Either this 

marrow is different in composition to existing fatty marrow or simply the increased 

amount relative to the amount of bone may account for the observed increase in T2 

after this time. There are no accounts of age related changes of marrow in the 

calcaneus in the literature. Even in the spine where changes in bone marrow 

composition have been demonstrated (Dunnill et al 1967) there is little agreement 

over the changes in MRI relaxation times (Dooms et al 1985; Kroger et al 1995; 

Jenkins et al 1989; De Bisschop et al 1993)

5.5.1,5 Effect o f weight

In this study T2’ was significantly correlated to weight to the same extent as found for 

BMD measurements of the calcaneus. T2* and T2 (like all the ultrasound parameters) 

did not correlate with weight. In contrast to this finding Kroger et al (1995) found that 

T2 measured in the lumbar spine for 24 men and 8 women correlated with both height 

and weight.
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5.5.1.6 M R I and density

The significant correlations observed in this study between T2’ and T2* and bone 

density of the calcaneus confirms the results published for other skeletal sites. 

Grampp et al (1996) found that 1/T2* measured in the distal radius was significantly 

correlated with trabecular BMD determined by pQCT at all regions of the radius with 

r values of 0.5-0.82. Wehrli et al (1995) found a correlation between 1/T2* and DXA 

of the lumbar spine of r=0.54 with p<0.0001 in 132 women. This is similar to the 

association found between 1/T2* and trabecular bone density in the distal radius and 

tibia by Majumdar and Genant (1992) but lower than the correlation coefficients 

observed in this study for T2’ or T2* and BMD, both measured in the calcaneus.

5.5.1.7 Correlation with ultrasound

While MRI is well correlated to calcaneus BMD with r̂  =0.70 this still leaves about 

30 % of the variance unaccounted for. This is very similar to the situation that has 

existed for a number of years over ultrasound. Reasonable correlations with density 

exist but the potential of the technique to provide structure related information is of 

greater interest. In this study the ultrasound values were found to correlate 

significantly with calcaneus BMD again with r̂  at about 0.70. Ultrasound and MRI 

were found to be significantly correlated to each other with r^=0.36. It is possible that 

that this correlation is explained by structure related effects. The in-vitro 

investigations described in Chapter Three have shown that T2’ is related to 

fundamental descriptors of trabecular microstructure such as trabecular perimeter, 

number density and width with correlation coefficients of r=-0.60 to r=-0.66 (r^=0.36- 

0.44). If both the techniques of MRI and ultrasound provide information about bone 

structure and bone density it is surprising that there is not a higher correlation between 

them. Grimm et al (1994) showed that BUA results were correlated to trabecular 

separation in the direction of propagation of the ultrasound beam. One reason for the 

low correlation found in this study between ultrasound and MRI may be due to the 

fact that these techniques sample the bone in different orientations. As shown in 

Figure 5.9 the trabecular structure of the calcaneus varies according to the plane of 

measurement. The MRI measurements were made in a thin slice in the sagittal plane 

and hence are sensitive to trabecular perimeter, number density and width in this
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direction. The ultrasound measurements were made across the calcaneus and hence, if 

the results of Grimm et al (1994) are correct, are sensitive to the trabecular separation 

in the transverse direction. It is not easy to make ultrasound measurements in the 

sagittal plane but by placing the subject on their side in the MR magnet it may be 

possible to obtain images with the transverse plane o f the calcaneus parallel to the 

main magnetic field. This may improve the correlation between the two techniques.

F igure  5.9 M R I im ages o f the calcaneus in th ree  planes

a) Sagittal b) Transverse

'i

c) Coronal 
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5,5.L8 M R I and vertebral fracture

In this study T2’ and T2* were able to distinguish postmenopausal women with 

osteopenia from normals but there was no significant difference between 

postmenopausal women with and without vertebral deformities. This may be 

attributable to the small sample size relative to the precision of the technique (4-7 %) 

although BMD and ultrasound measurements in the calcaneus with their lower 

precision errors also failed to discriminate fracture in the same population after 

correction for YSM. Wehrli et al (1995) quote a precision of 7 % but had a larger 

sample size. In their study of 1/T2* in lumbar vertebra, Wehrli et al (1995) found a 

significant difference with p<0.005 between 1/T2* in 30 postmenopausal women with 

deformities was (51.1 ± 1.7 s'^) compared to 58.6 ± 1.5 s*̂  for 45 postmenopausal 

women without deformities. The equivalent difference for T2* being 2.5 ms between 

the 2 groups compared to the 1 ms difference observed in this study. The mean age of 

the postmenopausal patients with deformities was 63.3 ±5.7 years. Because this was 

only slightly greater than the mean age of the postmenopausal subjects without 

deformities (60.3 ± 8.6 years), Wehrli et al (1995) did not apply any age correction. 

However no details are given regarding age since menopause in the groups. In terms 

of Z scores they found a difference of 0.75 sd between fracture and nonffacture 

groups, whereas in this study the difference was about 0.5 sd.

In this study T2’ and T2* were significantly correlated to the number of vertebral 

fractures determined by the Minne criteria with r=0.38. Correlation coefficients for 

BMD and ultrasound parameters were in the region of r=-0.50. In contrast Wehrli et al

(1995) who, assessed vertebral fractures by a continuous deformity index, found that 

the mean deformity index for all vertebrae showed a correlation with 1/T2* (r=0.40, 

p<.0005) that was slightly stronger than that with BMD (r=0.36, p< .001).

Finally the benefit of measuring T2’ as well as T2* has been underlined by the 

observed variations in T2 with age. Although in this study both T2’ and T2* have 

shown very similar results, this may not be the case in other skeletal sites.
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5.5.2 Conclusions

T2’ and T2* have been shown to discriminate between normal and osteopenic 

postmenopausal women although the results were only of borderline significance 

(p=0.06) after corrections for differences in age, BMI and YSM between the groups. Z 

scores for T2’ and T2* were significantly different in normal and osteopenic 

postmenopausal women. DXA of the calcaneus and femoral neck and all ultrasound 

parameters were able to differentiate women with and without osteopenia. T2’ and 

T2* showed a significant positive correlation with age. T2 showed a different pattern 

of change with age, with a decrease from premenopause to 20 years postmenopause 

and then an increase. The percentage change per year for MR parameters was smaller 

than for BMD but of the same order as for ultrasound BUA. T2’ and BMD measured 

in the calcaneus were significantly correlated to body weight unlike the ultrasound 

parameters. Measurements of T2’, BMD and ultrasound parameters in the calcaneus 

were all significantly correlated. The correlation coefficients for T2’ and BUA were 

moderate which may be due to the fact that the two measurements were made in 

different orientations in the calcaneus.

T2’ and T2* showed significant correlation (r=0.38) with the number of vertebral 

fractures determined by the Minne method in a group of 32 postmenopausal women. 

This shows the potential of the technique as a tool in the assessment of the risk of 

osteoporosis. There were no significant differences in T2’ and T2* between the 

fracture and nonfracture groups, but adjusted BMD and ultrasound parameters also 

failed to discriminate fracture.
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Chapter Six Conclusions and Future Work

6.1 CONCLUSIONS

This study has achieved the main aim set out in Chapter One and shown that, in-vitro, 

MRI is able to provide information related to trabecular bone structure independent of 

density. The correlation of T2’ to fundamental parameters such as trabecular perimeter, 

number density and width indicates that about 36 % of the variation in T2’ is explained 

by these measures when corrected for density effects. T2’ is also well correlated to 

density which probably accounts for 60 % of the variation.

The calcaneus proved to be a precise and sensitive site for the measurement of BMD and 

gave equivalent or superior results to the lumbar spine. Calcaneus BMD was no more 

dependent on body weight than femoral neck BMD. The variation in BMD across the 

posterior part of the bone was found to be small leading to high precision. As well as 

excellent measurement precision the calcaneus also showed the highest rate of loss of 

bone in postmenopausal women and the highest decrement from peak bone mass to the 

eighth decade. Ultrasound parameters were better correlated to calcaneus BMD than to 

axial BMD but the correlation was not improved by matching the region of measurement. 

All ultrasound parameters were less effective than BMD in discriminating spinal 

osteopenia or vertebral fracture.

In-vivo measurements of T2’ were successfully made in the study groups and compared 

to the BMD and ultrasound results. T2’ was moderately but significantly correlated to 

ultrasound parameters which have also shown promise in the characterisation of structural 

effects. However the two measurements were made in different calcaneal planes and the 

correlation may be higher if the orientation was matched. In-vivo measurements of 

calcaneal BMD and T2’ were well correlated. T2’ was also significantly correlated to the 

number of vertebral fractures in 32 postmenopausal women. However T2’ failed to 

discriminate between women with and without vertebral fractures as did BMD and
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ultrasound measures. It would be expected that changes in trabecular perimeter, number 

density and width, the parameters that T2’ has been shown to associate with, would be 

related to the prevalence of vertebral fractures. However density effects may mask any 

relationship. To correct in-vivo results in the same way as the in-vitro results would 

necessitate either a measurement in the same location or slice but at different orientations 

to the main magnetic field or the results could be corrected by using a sequence sensitive 

only to amount of marrow present.

MRI has shown significant potential in this study and has the advantage that the basic 

principles of MRI relaxation may be better defined and are easier to understand than the 

very poorly understood interactions of ultrasound with trabecular bone. In addition, 

measurement of MRI parameters may be coupled with direct visualisation of the 

trabeculae in high resolution images making interpretation easier. Significant correlations 

have been obtained in-vitro with histomorphometry parameters and in-vivo with fracture 

status despite the relatively poor precision of the technique. If this could be improved the 

technique may show greater sensitivity for fracture discrimination. Because T2’ is 

sensitive to structure in the direction of the main magnetic field, correct patient 

positioning is essential if bone sites such as the vertebra are to be imaged as the trabeculae 

run in clear directions.

Clinical MRI systems tend to be heavily used and if the application of MRI to the study of 

osteoporosis is to move forward to diagnosis as well as research, alternatives need to be 

found. There is a possibility of small custom built MR scanners being used for 

measurements in trabecular bone. This would make the technique far more accessible and 

at a cost of approximately £125,000, the price of a low field MRI system is of the same 

order as the most up-to-date DXA technology. However T2’ scales with magnetic field 

strength and at low field it may be more difficult to show useful results.

This study has shown the potential of MRI and the possibility of a non-invasive way of 

obtaining information about bone architecture is an exciting prospect that is worth further 

investigation.
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6.2 SUGGESTIONS FOR FUTURE WORK

6.2.1 Improvements in MRI measurements precision

This one of the most important problems to overcome with MRI and possibly the most 

difficult. However improvements in precision are essential to avoid large numbers of 

patients or samples having to be measured to achieve statistical significance. Possible 

routes of investigation are software correction for coil non-uniformity, auto-shimming to 

obtain the most homogenous magnetic field for each subject or sample and aids to ROI 

placement.

6.2.2 Other measurement sites for MRI

It is possible to examine fracture sites such as the spine or hip directly by MRI but 

extremities generally give better results. In this study the calcaneus proved to be a suitable 

measurement site. Other investigators have used the wrist. An alternative is the patella 

which is also an easily accessible trabecular bone site suitable for measurement with a 

surface coil. Variations in the values, normal ranges and changes with age could be 

investigated at different periperal bone sites to determine which site is the most sensitive 

to osteoporosis related changes. Figure 6.1 shows that good quality images may be 

obtained at the patella.

6.2.3 Other MRI parameters

The sequences used in the in-vitro work such as FISP and PSIF could also be used in- 

vivo. Signal intensity measurements as opposed to relaxation time measurements would 

avoid assumptions about the signal decay and the fitting of data from several images. 

These sequences could also yield images suitable for analysis by texture based methods. 

Figure 6.2 shows FISP and PSIF images of the calcaneus.
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Figure 6.1 Sagittal and coronal images of the patella

(a) sagittal (b) coronal

Figure 6.2 FISP and PSIF images of the the calcaneus

(a) FISP image (b) PSIF image
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6.2.4 Matching the measurement orientation for MRI and Ultrasound

The correlation coefficients observed in this study for the relationship of MRI and 

ultrasound parameters, both measured in the calcaneus, were moderate considering that 

both techniques have been shovm to depend on trabecular structure and density. The 

correlation coefficients may be improved by making both measurements in matching 

planes either in-vivo or in-vitro. If this could be done in different orientations at constant 

density it may indicate whether the two techniques are sensitive to the same structural 

measures.

6.2.5 High Resolution Imaging and texture analysis

High resolution imaging shows promise and offers the potential for three dimensional 

visualisation of trabecular structure. Techniques such as microcomputed tomography may 

be used in-vitro where radiation dose is not a consideration but a technique suitable for in- 

vivo imaging would be a great asset. If sufficient resolution were possible it could replace 

the time consuming and invasive procedure of bone biopsies. To achieve this, problems 

such as poor resolution, low SNR and long scan times must be overcome for the direct 

measurement of parameters of trabecular bone structure. However different methods of 

image analysis such as texture based methods would be less stringent in terms of the 

resolution necessary.

Texture analysis techniques examine the relationship between the spatial distribution of 

pixels of particular grey levels. Co-occurence matrices are one such method. The joint 

probability of simultaneous occurrence of grey level pairs, for each fixed distance or 

angular spatial relationship, yields a co-occurence matrix. Many features extracted from 

this matrix, define the level of coarseness of an image as well as the texture directionality 

(Haralick et al 1973).

Another technique, the run-length method, may be related to measures such as trabecular 

width and spacing. When a digital image is examined line by line, a grey level run is
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defined as a set of linearly adjacent pixels having the same grey value. The grey level runs 

are characterised by their length, grey level and direction. Many parameters can be 

extracted from a run-length matrix such as emphasis of long or short runs. Optimum 

parameters for the matrices need to be derived and the images may need to be normalised. 

Appropriate image processing techniques need to be used that do not remove the possible 

sensitivity to structure.
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Appendix A

Acquisition parameters for DXA calcaneus scans

Parameter Mode S (Small animal) Mode F (Clinical forearm)
Mode High Res. <0.5kg Med Medium
Forearm length mm 200
Patient side Right
Voltage kVp 76 76
Current pA 150 150
Collimation mm Fine Fine
Sample size mm 0.6x1.2 0.6x0.6
Sample Interval 1/32 1/64
Scan width mm 100 100
Scan length mm 100 86
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