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Abstract

The use of Computerised microtomography (CµT) in biomedical research is well established,
with most applications developed at synchrotron facilities. The possibility to non-invasively
monitor morphological changes in biological samples, makes it an attractive technique in
biomedicine. However, high absorbed doses and long examination times are a disadvantage
that limits the possibilities of performing longitudinal examinations.

The aim of this work was to optimise CµT using conventional X-ray tubes for applications in
non-destructive material testing and for skeleton research in small animals (rat). A
calculational model of the imaging system was developed and used to optimise the relation
between image quality, expressed as the signal-to-noise ratio (SNR) in detecting a contrasting
detail, and imaging time in material testing. The model was modified to optimise the relation
between the SNR in detecting a trabecular detail in cancelleous bone and the mean absorbed
dose in spongiosa and skin for (rat) tibia and femur.

Gastrectomized Sprague-Dawley rats were used to initiate osteoporotic changes. In order to
detect differences in between gastrectomized rats and controls, spatial resolutions of 150 µm
or better were needed.
The minimum absorbed doses in femur spongiosa at SNR = 5 were 1mGy - 700 mGy at
spatial resolutions from 100 µm to10 µm. In femur skin, the corresponding minimum
absorbed doses were 2 mGy - 2000 mGy. Corresponding values for tibia were 0.3 mGy - 300
mGy for both spongiosa and skin (spatial resolution of 100 µm to10 µm). Taking 0.5 Gy as
the tolerance limit for the spongiosa dose, longitudinal studies with six repeated examinations
will be possible at a spatial resolution of 25 µm in femur and 17 examinations in tibia.
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Introduction

The invention of Computerised Tomography (CT) by Hounsfield in the seventies was one of
the greatest advances in diagnostic radiology. Together with Cormack, Hounsfield was
awarded the Nobel Prize in 1979. Efforts to improve CT equipment and the mathematical
reconstruction algorithms required have continued and have resulted in reduced examination
times and improved image quality. The spatial resolution in medical CT images today, of the
order of a few millimetres, is sufficient for most diagnostic tasks. Additional increases in
spatial resolution with patients are not realistic, due to the increased absorbed doses and hence
increased radiation risk implied (Bongatz et al., 2000).

Efforts to increase spatial resolution developed in the eighties and Computerised
microtomography (CµT), capable of resolution of a few µm, was first reported by Sato et al
1981, Elliot and Dover 1984 and Carlsson et al. 1985. Today, CµT is a well-established
technique with equipment installed at many synchrotron facilities, but it is also widely used
together with X-ray tubes. Commercial systems with micro-focus X-ray tubes for industrial as
well as biomedical research purposes  are available (Sasov and Van Dyck, 1998).

Most applications of CµT in biomedical research have been made in studies of bone tissue
samples and teeth (Elliott et al., 1997). Trabecular bone morphology, structure properties,
mineral concentrations and mechanical characterisations are issues of special interest.
Osteoporosis, a disease characterised by low bone mass with thinning and loss of connectivity
of the trabeculae, is commonly addressed. CµT may play an important role in understanding
the basic mechanisms underlying the development of osteoporosis and in evaluating different
treatment regimes. It is, however, necessary to identify and limit artefacts related to
tomography such as beam hardening, partial volume effect, motion artefacts and linearity
failure to achieve reliable quantitative measurements. In addition to artefacts, the absorbed
dose in the sample must be considered in in-vivo investigations.

Studies of bone tissue with CµT are favoured by relatively high contrast details, resulting in
reasonable imaging times and absorbed doses in samples. With low contrast objects of soft
tissue and demands for high resolution (approximately 1µm), absorbed doses increase to such
high levels that the samples may even get disrupted during irradiation due to the temperature
increases (Spanne et al. 1989).
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Computerised tomography

Data acquisition

In projection radiography all information along a single ray through the object is displayed as
a point in a two-dimensional image. This gives in many cases sufficient information about
internal three-dimensional structures, if the observer has a priori knowledge of the object.
Rotating the object with repeated exposures improves the information but the projection
remains a shadow image of the object. If further information is needed, we have either to cut
the object into slices or to use tomography techniques. Tomography means sliced imaging and
in computerised tomography (CT), a map of the linear attenuation coefficient in the slices of
the object is created as described below.

The basis for CT imaging relies on a statement by Radon 1917 claiming that if all projections
∫= dl)y,x(fp  through a point P in the plane of an object described by the object function

f(x,y) are known, the value of f(x,y) in P can be found. When applied to X-ray imaging, the
following procedure is used. A pencil X-ray beam penetrates the object and the number of
transmitted photons is recorded in a single detector located on the opposite side of the object.
A line integral of the intensity is obtained and the procedure repeated by moving the pencil
beam a small distance perpendicular to the beam direction. A set of line integrals from one
side of the object to the other forms a projection (figure 1). A series of projections at various
angles around the object is collected. With a sufficient number of projections, it is possible to
derive the value of f(x,y) for all the points in the examined slice of the object.

By exchanging the pencil beam for a fan shaped X-ray beam and using an array-detector, the
set of line integrals in a projection can be recorded simultaneously. Projections from 180-
degree acquisition rotation are sufficient but usually 360-degree scans are performed.

L

f(x,y)

∫=
L

dlyxfp
0

),(

Figure 1. Object (f(x,y)) and a parallel projection.
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When the photon beam penetrates the object, the number N of photons transmitted through
the object is, for mono-energetic photons, mathematically given by:

  
∫⋅=

− dlll
eNN

)()(

0

ρ
ρ
µ

(1)

where N0 equals the number of photons incident on the object, µ/ρ is the mass attenuation
coefficient, ρ the object density and dl the path length of the photons. Without going into the
mathematical proof of the requirement for reconstruction from line integrals, these must be
linear functions. By taking the logarithm of (1), we end up with a function that fulfils this
requirement:

∫= dllNN )()/ln( 0 µ (2)

The use of Eq (2) to form line integrals through the object means that the object function
f(x,y) is equal to µ(x,y) where µ is the linear attenuation coefficient. The linear attenuation
coefficient is material- and energy-dependent and is the parameter that forms the image in
tomography.

A set of projections for all angles (θ) around the object is commonly denoted by p(r,θ) and is
known as the Radon transform of the object function f(r,θ) (Radon, 1917):

p(r,θ)= Rf(r,θ) (3)

The task of the reconstruction algorithm is to solve the problem of inversion:

f(x,y)=R-1 p(x,y) (4)

The energy dependency of f(x,y) (or the linear attenuation coefficient) is a problem when X-
ray photon energy spectra are used since the requirement on linearity is then violated and
gives rise to the so called beam hardening artefact. This will be discussed later.

Object Reconstruction

The art of reconstruction is purely mathematical: to solve equation (4). The methods used can
be divided into two main groups, algebraic and transform methods. The algebraic
reconstruction algorithms are computationally intensive and start from a crude but intelligent
guess followed by stepwise corrections until the calculated projections correspond to the
measured projections. Algebraic methods are advantageous when the signal-to-noise ratio in
the projection data is poor.

The key to accurate description of the original object function from projection data is the
projection-slice theorem (Magnusson, 1993). The theorem says: the Fourier-transform of a
projection of an object, from edge to edge, is identical with a line through the centre of the



13

two-dimensional Fourier-transform of the image. This means that, as long as all projections
are known, the original object can be reconstructed using the inverse Fourier-transform.

The most common reconstruction algorithm is the filtered backprojection (FB). A schematic
description of FB is given in figure 2 and a brief overview below. For details, see (Kak, 1988;
Magnusson, 1993).

Each projection corresponds to a specific angel θ of the beam with respect to the object and is
stored in a sinogram p(r,θ) (Edholm, 1990). A 1D Fourier-transform of each projection is then
performed. In this step, we enter the frequency domain and the projection notation is
P(R,θ). Each projection is subsequently filtered with a ramp filter according to:

Q(R,θ)=[R] x P(R,θ) (5)

By taking the inverse Fourier-transform in the R-direction, we return to the spatial domain
with filtered projections, q(r,θ). The image is finally formed by performing a back-projection
of all filtered projections.

There are a number of alternative reconstruction algorithms, such as the direct Fourier method
(Magnusson, 1993) and the Linogram method (Edholm, 1990). In this work, the FB algorithm
is used without exception.

Figure 2. Schematic description of the filtered back projection algorithm.
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Image quality

The basic physical concepts of image quality are contrast, spatial resolution and noise. Their
relation to one another are illustrated in figure 3. The relationship between contrast and noise
is described by the signal-to-noise ratio (SNR). The modulation transfer function (MTF)
describes the connection between contrast and resolution and finally, the noise power
spectrum (NPS) describes the relationship between noise and resolution. The contrast can be
separated into object contrast and image contrast (ICRU 54, 1995). Object contrast is defined
as:

ρ
ρ
µµ

µ
µµ ⋅=−= )(;

1

12C  (6)

where µ1 and µ2 are the linear attenuation coefficients for the contrasting detail and the
background, respectively and ρ the density of the object. With low energy photons,
photoelectric interaction is the predominant absorption process and coherent scattering the
dominant scattering process. With increased photon energy, Compton scattering becomes of
increasing importance. Compton scattering is less dependent on material than the
photoelectric process. Thus, with increasing photon energy, the object contrast will be less
sensitive to the atomic compositions of the materials than to their density variations.

Contrast

Resolution Noise

Signal to noise
ratio

Modulation transfer
function

Noise power spectrum

Image
quality

Figure 3. The relationship between the image quality parameters, contrast, resolution and noise.
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Image contrast is the difference in grey scale (or colour) in the reconstructed image and can be
manipulated by image processing.

Noise is always present in CT images and degrades image quality. We distinguish between
quantum noise, due to the statistics of the interaction processes in the object and the image
detector, and electronic noise in the signal chain. Quantum noise decreases with increasing
numbers of incident photons. Cooling the detector and digitizing the signal in an early stage of
the signal chain can reduce the electronic noise.

Spatial resolution is an equipment dependent parameter and low spatial resolution may cause
image artefacts (partial volume effects, aliasing).
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Image artefacts

Artefacts in the image are image features which do not correspond to physical features in the
objects. Some artefacts are related to the physics and the mathematics of CT while others are
caused by deficiencies in the equipment set up or calibration.

Beam hardening is a well-known artefact, caused by energy spectrum changes during photon
transport in the object. Lower energy photons are more likely to be absorbed in the object,
resulting in the mean energy of the exiting photons increasing with increasing object
thickness. This causes lower µ values to be allocated to photons transmitted through thicker
parts of the object. The requirement of linearity in the reconstruction process is not fulfilled,
thereby producing the artefact. Beam hardening artefacts can be corrected for either in a pre-
processed or in a post-processed algorithm according to the reconstruction process
(Hammersberg and Mångård, 1998). CT with mono-energetic photons is free from beam
hardening artefacts.

Another common artefact is partial volume effect (Pullan, 1981). With insufficient spatial
resolution, small volume elements (voxels) in the object are not accurately represented as
pixel elements in the reconstructed image. Partial volume effects are minimised by increased
resolution and are critical when quantitative measurements are required.

Scattered radiation is another artefact, which causes image degradation. The scatter problem is
severe in 3D tomography with cone-beam geometry (Hammersberg, 1997). In 2D
tomography, the problem can be reduced using narrow collimators close to the object and to
the detector.

If the number of recorded projections is too low or projection data are undersampled, aliasing
distortions occur in the reconstructed image. Such artefacts can be minimised by increasing
the number of intervals measured in each projection, or the total number of projections.

Finally, there are artefacts related to the equipment. One example is defective detector
calibration which causes ring artefacts. Accurate alignment of the centre of rotation is
essential,  miss-alignment reducing spatial resolution. With proper set-up and calibration of
the system, artefacts of this kind are minimised (Olander, 1994).
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Computerised microtomography

While computerised microtomography has been reported in the literature since the early
eighties (Carlsson et al., 1987; Elliot and Dover, 1984; Sato, et al., 1981), there is, however,
no exact definition of CµT in relation to conventional CT. Usually CµT means tomography
with spatial resolutions in the range from 100 µm down to a few µm or to even less than 1
µm.

The main factor limiting the use of high spatial resolution is the limited photon fluence rates
from conventional X-ray sources which result in unacceptably long irradiation times and
related problems such as focus movement (Carlsson, et al., 1987). This specific problem can
be solved by the use of synchrotron radiation sources, available in a few laboratories.
Synchrotron sources have some other advantages compared to conventional X-ray tubes. Their
high fluence rates make it possible to use monochromators, i.e., crystals for energy tuning.
This improves image quality and the possibility of achieving lower absorbed doses in the
object by appropriate optimisation.

The recent development of microfocus X-ray tubes has pushed the progress of CµT forward.
Several manufactories can provide X-ray tubes with focal spot sizes less then 5 µm. The
limited photon fluence is compensated for by a compact geometry. The small focus spot
makes possible geometrical magnification with increased spatial resolution. A further benefit
of small foci is that they make promising phase contrast imaging, the latest member of the
growing family of different tomographic modalities (Carlsson, 1999; Wilkins et al., 1996).

CµT detectors are either image intensifiers, charge couple devices (CCD) or photo diode
arrays. Image intensifiers have limited spatial resolution but large detector area and high
sensitivity, allowing the use of magnification techniques and cone-beam registration (Machin
and Webb, 1994). CCD or photo diode arrays may be used directly or connected to intensifier-
screens via light conductor. They are commonly cooled by peltier-elements in order to reduce
the noise level. Pixel sizes vary from 10 µm to 50 µm and the length of the detector is usually
a few centimetres.

Common used image matrix sizes are 512x512 or 1024x1024, which might limit the spatial
resolution. An object with a diameter of 10 cm corresponds to a pixel size of 10 µm when
using a 1024x1024 matrix. Larger image matrices result in cumbersome amounts of data and
long reconstruction times.

The high spatial resolution in CµT puts high demands on the stability of the movement axis
and the overall set up. To prevent image artefacts, the accuracies of all movements must be
better than 1/10 of the resolution. This is one of the reasons why the object is rotated rather
than the radiation source and the detector (Olander, 1994, Carlsson et al, 1987).

High spatial resolution leads to by high absorbed doses in the object, the dose increasing with
the fourth power of the resolution. This makes optimisation of the imaging chain of particular
interest in CµT. The possibility of varying X-ray tube parameters such as tube potential, anode
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material and external filtering may be exploited to reduce absorbed doses or decrease imaging
times.
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Applications of computerised microtomography

Computerised microtomography with spatial resolutions from 5 µm to 50 µm has a great
potential as a research-tool in biomedicine. In oncology, cell biology, dentistry, dermatology,
orthopaedic and pharmacology, there are numbers of questions at issue where CµT might be
of interest. So far, CµT investigations have been focused on bone samples, histomorphometry
of bone and teeth (Elliott and Dover, 1984; Elliott et al., 1994). The structural parameters of
trabecular bone have attracted most attention for derivation of quantitative measures (Bonse
et al., 1994; Cann, 1988; Durand and Rüegsegger, 1991; Feldkamp et al., 1989; Gibson, 1985;
Goulet et al., 1994; Kinney  et al., 1995; Stenström et al., 1995; Stenström et al., 2000).

Fracture risk is closely related to loss of bone mass but for patients with equal bone mass,
there is an age-related increase in fracture risk (Kinney and Ladd, 1998). It is thus clear that
knowledge of bone mass alone is not sufficient to predict this risk. This has led investigators
to search for aspects other than low bone mass to explain fracture occurrences. Geometric
structure, micro-damage and differences in tissue properties are often mentioned as
parameters related to the mechanical properties of trabecular bone (Gibson, 1985; Goulet, et
al., 1994; Kinney and Ladd, 1998). Geometric structures can be described by a number of
parameters calculated from CµT images in two or three dimensions. For improved
understanding of the relation between architecture and mechanical characteristics, structural
organisation has been investigated (Kinney and Ladd, 1998). Recently, finite element methods
(FEM) have been used to evaluate the parameters important with respect to bone strength and
the relation between bone structure parameters and bone mechanical properties (Keyak et al.
1990; Müller and Rüegsegger, 1995). 3D cone-beam CµT has been used to generate input to
the finite element model code.

Recently longitudinal studies on rats, in which CµT was used to measure changes in the bone
structure after ovariectomy  have been reported (Kinney, et al. 1995; Lane et al. 1998;
Reimann et al. 1997). These studies showed promising results, but limited attention was paid
to the absorbed dose in bone and the question if this might have influenced the parameter of
interest. Earlier results from Schlegel et al.1972, Aronsson et al.1976 and Kember and
Coggins, 1967 demonstrated an effect on the bone growth with absorbed doses in bone tissue
less than 5 Gy. Reinmann et al. 1997 reported no effect in the rat tail at an absorbed dose of
0.35 Gy. Engelke et al. 1993 recommended an absorbed dose limit of 0.5 Gy, which is
consistent with the results reported by others.
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Description of the two CµT systems at Linköping University

Department of Radiation Physics

The first CµT system in Linköping was built in 1980 (Carlsson et al. 1985). New versions
have been installed during the last ten years and the system is today a flexible, totally open
equipment for research purposes. Below follows a brief description of the most recent version
of the system.

A CµT acquisition system requires a radiation source, a detector unit, an object holder and
manipulators. Mounting all units on a granite table solves the requirement of mechanical
stability (figure 4). The flexible set-up offers the possibility of changing components and
geometry within extensive limits. To meet the demands of high spatial resolution combined
with the possibility to change components, most units are step-motor controlled. Alignment
procedures and data collection are computer controlled with resolutions of 0.1 µm (translation
movement) or rotation resolutions of 0.01 degree, respectively. To improve image quality,
beam-alignment software which automatically performs alignment, has been developed
(Olander, 1994). The host computer is a PC. The PC, the manipulators with the collimators,
the object holder and the detector with the associated electronic units, are all mobile. This
makes it possible to move the equipment to different radiation sources.

The X-ray tubes and detectors available are presented in Tables 1 and 2. Image reconstruction
is performed with software (SNARK 87) using a filtered back-projection algorithm (Herman
and Rowland, 1978).

Manufacturer COMET COMET Siemens JEOL
Type MAMEX

DX
mammo

78E
fine focus

Bi
200/20/50S

JMX-8H
microfocus

Tube voltages
[kV]

20-49 40-110 40-150 10-50

Maximum beam
current [mA]

2 14 FF
20 CF

3 0.1

Anod/Target material Mo W W Cr, Fe, Mo,
Co, Cu, Ta

Focus size
[mm]

0.1 ff
0.4 cf

0.13 ff
0.6 cf

1.2x1.2 0.01 pnt
0.03x0.03 line

Minimum distance
Focus-object

 30 mm 40 mm 40 mm 8 mm

Max load [kW] 0.6 ff
4.5 cf

10 ff
50 cf

50 0.2

Table 1. X-ray tubes available for tomography at the Department of Radiation Physics, Linköping (ff=
fine focus, cf= coarse focus).
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Manufacturer Hamamatsu Hamamatsu Quartz&Silice EG&G Ortec Delft EP
Type S 3903 F S 3903 Q Sb 5 Series 1000 xx 1850/mx

12P
Principle Photo diode

array
Photo diode

array
NaI-Tl

scintillation
HPGe

Semiconduct
Image

intensifier
with CCD

Number of
detector
elements

1024 1024 1 1 1024x1024

Size
(width x
height)

25x500 µm2 25x500 µm2 - - 7.5x7.5µm2

Cooling Peltier stack
-30 C

Peltier stack
-30 C

No Nitrogen
-196 C

No

Other Fiber optic
window and
intensifier

screen

Quartz window Beryllium
window

t=0.2 mm

Beryllium
window

t=0.13 mm

Gd2O2S
Screen, gain x3

Table 2. Detectors attached to the computerised microtomography system.

Figure 4. The computerised microtomography system at Linköping University, Department of
Radiation Physics. From left to right, the X-ray tube, filter holder and primary collimator (step motor
controlled in two directions), the sample holder with the rotation unit (four axial controlled), the
second collimator and the detector unit.
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Department of Mechanical Engineering

Contrary to the system at the Department of Radiation Physics, the equipment at the
Department of Mechanical Engineering is a commercial, high-resolution industrial
computerised tomography one, supplied by OIS Engineering Ltd. Its main components are a
microfocal X-ray tube (Feinfocus FXE 200.50) with a focus spot size of 5 µm at a target load
of 8 W (tungsten target). The tube voltage range is 10-200 kV and the maximum tube current
3.0 mA. A 4-axis motorised object support system guarantees safe and quick set-ups and
minimises image artefacts due to inaccurate centre of rotation. The detector system is a high
performance image intensifier (Thomson TH 9438 HX with field of view size 220, 160 or 110
mm and resolutions of 521, 581 or 681 lp/mm respectively (at the centre)). A double peltier
cooled CCD camera (Astrocam 4100) with 1280x1024 pixels and 12 bit output is docked to
the image intensifier output screen. The system is computer controlled (standard PC) and the
imaging handling system and CT reconstruction software are the AEA Technology
Tomohawk II. The principal features structure of the system are shown in figure 5.

Imaging performance, expressed as spatial resolution, is 5 µm in samples less than 5 mm in
diameter. The small focal-spot size and the sample holder unit allow geometrical
magnifications of up to x100.

Figure 5. The main features of the CµT system at Department of Mechanical Engineering, Linköping
University. [From paper III]
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Objective of this thesis

The aim of this thesis was to develop CµT methods using conventional X-ray tubes in
biomedical research and non-destructive testing in order to:

1. Optimise the relations between image quality (signal-to-noise ratio) and absorbed dose in
samples or imaging time

2. Explore the use of CµT in skeleton research comprising the steps

2.1 To develop tools to quantify bone-structure parameters in the tomographic images

2.2 To optimise the conditions for performing longitudinal in vivo studies on small
animals
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Methods

Optimisation of SNR in two different imaging tasks

The signal-to-noise ratio (SNR) describing the relation between contrast and noise was
selected as the image quality parameter for quantifying optimisation. Being developed for
monoenergetic photons and totally absorbing, photon counting detectors, previously published
theories on the optimisation of SNR and absorbed dose in CT systems dedicated to biomedical
research have several limitations (Engelke et al., 1993; Grodzins, 1983; Spanne, 1989).  In
this thesis, a realistic model has been developed in which the energy distributions of photons
from conventional x-ray tubes as well as the signals from partially absorbing, energy
integrating image detectors are taken into account.

Optimisation has moreover been performed for two different situations placing different
requirements on the examination technique. First, in papers II and III, attention is focused on
optimisation of an industrial apparatus, the aim being to find the imaging technique giving the
highest SNR for a given imaging time. This gives the desired SNR at the cost of the shortest
possible examination time. In this case, focusing on non-destructive material testing, absorbed
doses are not considered to be a limiting factor.

On the other hand, when using CT techniques for imaging biomedical samples or living
animals in longitudinal studies, absorbed dose is a most important parameter. If absorbed
doses get too high there is a risk that the biological processes being investigated will be
influenced by radiation injury from the irradiation itself.

Optimisation in relation to imaging time

In paper II, we derived a theoretical expression for calculating the SNR in CT projection data.
An overview of the data collection process is shown in figure 6. The expression derived is
given by:
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where )( i
jE ε are the first ( 1=i ) and second moments ( 2=i ) of the single-event distribution

of the energy imparted to detector elements at position j  ( 3,2,1=j ); 0=j  designates a
detector element beside the sample and 1=j  and 2=j  detector elements immediately beside
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and behind the contrasting detail, respectively. )( jNE are the expectation values of the
numbers of  photons incident on the corresponding detector elements.

The single-event size distribution of the energy imparted to the detector by incident primary
photons was derived using photon transport Monte Carlo calculations. The photons were
assumed to impinge perpendicular to the surface plane of the image detector. The energy
imparted to the detector by each incident primary photon (of energy 10-200 keV) was
calculated as the difference between the energy of the incident photon and the sum of all
photons escaping the detector. Photons could either interact by photoelectric absorption or by
coherent or incoherent scattering. The model is valid for large area details and does not
consider scattered radiation.

In papers II and III, the algorithm in Eq (7) was used to calculate SNRproj  in projection data
as a function of tube voltage and filtration. The signal beside the object, S0, is kept constant,
i.e., CENES =⋅∝ )()( 000 ε , and is chosen so that it is within the linear range of the signal
response function (figure 7). In practice, this can be achieved by adjusting the tube current to
compensate for the variations in x-ray output at different tube voltages thereby achieving a
constant brightness on the image intensifier screen.

A number of control factors (CF) were identified in paper III and their effects on SNRproj and
optimum tube voltage were investigated with robust design methods (Box et al., 1978).
Robust design is an experimentally effective method to evaluate many CF settings. The
control factor levels are listed in table 3.

Control factor (CF) Low level Mean level High level
Filter material Cu Sn Pb
Filter thickness [mm] 0.4 0.6 0.8
Iris [%] 50 60 70
Attenuation equalisation None 7.5 mm Al 15 mm Al
Contrasting detail Porosity

(2% of sample diameter)
Density variation

(1%)
Table 3. Control factor levels
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Figure 6.  Model of the data collection process. The figure shows: The X-ray source (left) is
represented by energy spectrum, the detector by single event distributions (right) and the attenuation
of radiation in different materials by linear attenuation coefficients as function of energy. Three
different X-ray paths are defined: S0, external to the sample; S1 through the sample; and, S2 through
the sample and the contrasting detail. [From paper II]

Figure 7. In contrast to radiography, in computerised tomography all signals, including those passing
beside the object, So, have to be within the linear rage of the detector. [From paper II]
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Optimisation in relation to absorbed dose

In paper IV, the algorithm in Eq (7) was further elaborated to permit optimising with respect
to absorbed dose in the object (biological samples).  Image quality was defined as a value of
SNR=5 in the CT image and mean absorbed doses in critical tissues resulting from this image
quality requirement were derived.

Numerical methods combining bisection, secant and inverse quadratic interpolations were
used to calculate the photon fluence in the case of X-ray photon energy spectra. The mean
absorbed dose in the tissue was calculated as the product of the incident photon fluence
derived from E(N0), and values of the mean absorbed dose per photon fluence calculated
using the coupled photon-electron transport Monte Carlo code MCNP4B (Briesmeister,
1993). Photons were incident on the object in a parallel beam of rectangular shape simulating
a fan-beam. The width of the beam was equal to the diameter of the sample and the beam
height 100 µm. The photon energies used were 5, 10, 15, 20, 25, 30 and 40 keV. Mean
absorbed doses per unit fluence in the skin (a soft tissue layer of thickness 100 µm) and
spongiosa were calculated by dividing the energy imparted to the tissues with their mass
contained in the volume irradiated by the primary photons.

Two samples, femur and tibia from experimental rats, were simulated. The models of femur
and tibia used are shown in figure 8. Material compositions were taken from (ICRU 44,
1980). A thin contrasting detail of compact bone representing a trabecular structure was
placed in the centre of the spongiosa. The diameter of the detail was varied from 10 µm to 100
µm.

Photon energy spectra from a molybdenum target mammography X-ray tube were used and
monoenergetic photons for comparison, were considered.
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Figure 8. Test samples with soft tissue, cortical bone and spongiosa, corresponding to the femur and
tibia of  rats. Femur; 12 mm in diameter with a 2 mm thick soft-tissue shell, 1.5 mm thick cortical
bone shell and at the centre, a 5 mm thick spongiosa  (33% cortical bone, 67% marrow,
ρ = 1.18 g/cm3). Tibia; 6 mm in diameter with a 1 mm thick soft-tissue shell, 1 mm thick cortical bone
shell and at the centre, a 2 mm thick spongiosa. A contrast detail of compact bone with variable
diameters were placed at the centre of the spongiosa. All material specifications were taken from
(ICRU 44, 1980). [From paper IV]

Measurements of the photon energy spectra

Measurements of the photon energy spectra were performed at the Department of Radiation
physics and Department of Mechanical Engineering. A Compton scattering spectrometer
(Matscheko and Ribberfors, 1987) was used together with a planar high purity Ge-detector
and a multi-channel analyser connected to a computer. A scattering rod of 2.0 mm PMMA
and scattering angle of 90 degrees were selected. The pulse height distribution of scattered
photons was measured with the Ge-detector and the primary energy spectrum calculated using
the algorithm by Matscheko and Ribberfors. Examples of four spectra from a molybdenum
target are shown in figure 9.
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Figure 9. Examples of measured photon energy spectra (Mo target, 1 mm Al filtration; 26, 28, 30 and
32 kV). Measurements were performed with a Compton scattering spectrometer, which explains the
broadening of the characteristic x-ray peaks at 19 and 21 keV. [From paper IV]
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Derivation of structural and mechanical characteristics

Gastrectomy is known to cause osteopathy in experimental animals (Lehto-Axtelius et al.
1998) and gastrectomized Sprague-Dawley rats were used in this study to monitor the
concomitant skeleton changes and their influence on the mechanical strength of rat bone. The
animals were raised, treated and taken care of by our collaborators at the Department of
Pharmacology, Lund University.

To answer the question of the importance of bone mineral density (BMD) relative to bone
architecture for the mechanical strength of rat bone, measurements of BMD and mechanical
testing were performed. The mechanical testing was performed by our collaborators at the
Institute of Surgical research, Rikshospitalet, Oslo.

Derivation of bone structural  parameters from CµT images

The first step in calculating structural parameters from reconstructed CµT images is to
differentiate bone from non-bone tissue. Feldkamp et al. 1989 discuss the difficulty of relying
on a simple threshold to separate different tissues and suggested an improved method for
determining the location of bone surfaces. In paper I, a threshold selected from an analysis of
the linear attenuation coefficient (figure 2, paper I) was used to discriminate bone from other
tissue. A more complex method was used in paper V. The tomographic image was median
filtered using circular 5x5 pixel regions and interpolated from 5122 to 2562 pixels (figure 10a).
To facilitate setting a global threshold level, beam-hardening normalisation was applied.
Compact bone was for the spectrum used in this experiment normalised to a linear attenuation
coefficient value of 0.20 cm-1 (figure 10b). The trabecular region was then separated from the
cortical bone with an automatic segmentation algorithm using a ”rolling ball” filter
(Sternberg, 1983). Individual trabeculae were separated from bone marrow using a global
threshold defined as (µcomp. bone + µbone marrow)/2 where µcomp.bone and µbone marrow are the linear
attenuation coefficients for compact bone and bone marrow respectively. Finally a binary
image was produced. Linear attenuation coefficients exceeding the threshold were presented
as white pixels, and those below as black (figure 10c).
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Figure 10. Steps in the tomographic bone structure analysis; a) Original tomographic image (5122

pixels). b) beam hardening normalisation of the CT pixel values. The trabecular region is separated
using a global threshold and presented as a binary image as shown in c). d) histograms of the numbers
of trabecular segments and their lengths as derived from one row and one column of the image.
[From paper V]

The grey level run-length method described by (Durand and Rüegsegger 1991) was used to
calculate bone area fraction (BAr/TAr), bone perimeter fraction (BPm/TAr), trabecular width
(Tb.Wi) and trabecular separation (Tb.Sp), respectively. The run-length method derives the
structure parameters from histograms (Ht(φ,r), Hs(φ,r), where φ denotes the direction of the
sample in the tomogram and (r) the length of the trabeculae (t) or separations (s) respectively
(figure 10d). Grey levels above and below a fixed threshold define trabeculae and separations.
The notations used are given by Parfitt et al. 1987.
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Trabecular bone area in two dimensions is equivalent to the bone volume in a three
dimensional representation and according to the run-length method can be calculated from the
histogram Ht(φ,r):
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    [mm2/mm2]   (8)

TAr is the total area of the region of interest and BAr the total area containing bone tissue.
Npix is the total number of pixels in the same region. The bone perimeter fraction is calculated
in a similar manner:

pix

t

Nd
rHd

TAr
B

2

),(2
2

Pr ∑××= θπ
          [mm/mm2]     (9)

with variable d equal to the pixel area in the image. The trabecular width, given by (2 x
BAr/BPr) can be written as a function of the two histograms:
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Consistently, the trabecular separation is given by
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The idea behind the run-length method is clearly seen in equations 8-11, where all four
parameters are calculated from the histograms. The model is based on the rod model of
trabecular bone tissue and is similar to other models in bone histomorphometry (Parfitt  et al.,
1983).

Trabecular bone architecture is extremely complex and can’t be explained exclusively by the
parameters above. The number of closed loops in trabecular bone and the orientation of the
network are essential in determining biomechanical properties and bone strength (Goulet, et
al., 1994; Kinney and Ladd, 1998). The former is called connectivity and is commonly
quantified by the Euler number (Feldkamp, et al., 1989). Kinney and Ladd investigated the
relation between connectivity and trabecular bone modulus with a finite-element method.
Their results indicate an important correlation between changes in connectivity and elastic
stiffness. With three-dimensional data available, the Euler number is of particular interest but
in isolated two-dimensional sections, it is of limited interest (Feldkamp, et al., 1989).
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In paper I, we derived an alternative solution to the relation between architecture parameters
and bone strength. The moment of inertia (J) was defined as:

dArJ ×= ∫ 2 (12)

Here, r is the distance from the area element to the axis of calculation and dA the area
element, containing bone. The moment of inertia was used by Nordsletten et al. 1993 to
calculate the value of mechanical parameters related to bone strength.

Measurements of bone mineral density (BMD)

Bone mineral density was measured with a dual energy X-ray absorptiometry system provided
with a high resolution scanning protocol.

Mechanical testing

Mechanical testing was performed at the Institute for Surgical Research, Rikshospitalet Oslo.
Rat femur were fractured in a hydraulic testing device (Figure 11) (Nordsletten et al., 1994).
Femoral midshafts were tested by means of a three-point anterior bending and femoral necks
in combined bending and compression. From the bending tests, values of ultimate bending
moment, energy absorption to failure, bending stiffness and deflection were calculated.

Figure 11. (A) Mechanical testing of the femoral midshaft in three-point anterior bending. (B)
Mechanical testing of the femoral neck in combined bending and compression.
[From paper V]
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Summary of results and discussion

Paper I. Methodologic aspects of CµT to monitor the development of
osteoporosis in gastrectomized rats

In paper I, methodological aspects of CµT in monitoring the development of osteoporosis in
gastrectomized rats were considered. Spatial resolution and slice positions were tested with
respect to the possibility of discriminating between gastrectomized rats and sham operated
controls. Effects of gastrectomy on bone structure were quantified by the measures bone
diameter, area and moment of inertia.

Figure 12 shows CµT images of the same slice of femur of a gastrectomized rat. Spatial
resolution (pixel size) was altered from 5 µm to 500 µm in images A-F. Bone structure
parameters were calculated from the images with different resolutions. Significant differences
between gastrectomized and control groups were established for spatial resolutions better than
250 µm.

Figure 12. CµT images of the same slice of rat femur at spatial resolutions of 5 µm (A), 20 µm (B), 50
µm (C), 150 µm (D), and 450 µm (E). The imaging parameters were tube potential 60 kV, 4mA,
integration time/projection  = 1 sec, 360 projections and slice thickness = 100 µm. In A, a microfocus
X-ray tube and magnification technique were used. In F, the same specimen was imaged with a
clinical CT scanner (pixel size 500 µm). [From paper I]
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Diagrams of the linear attenuation coefficients (µ) from the tomograms of control (left) and
gastrectomized rats (right) are presented in figure 13. High values of µ (>0.2 cm-1) represent
voxels containing compact bone. Voxels only partly occupied by compact bone or containing
spongiosa correspond to intermediate µ values. This is due to the partial volume effect, an
artefact related to the spatial resolution (sampling frequency and pixel size) and limits the
possibility of performing quantitative measurements of bone mineral content and structure
parameters.

Bone mineral reduction in gastrectomized rats can be seen as a dramatic vacuolisation of the
bone. The number of voxels containing compact bone is decreased and a change in the shape
of the distribution of voxels with lower µ values is observed. An interesting result was that for
compact bone, no change in absolute µ value was observed between the two groups,
indicating that the bone mineral density of compact bone remains the same.
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Figure 13. Analysis of the linear attenuation coefficients in two tomograms from a gastrectomized rat
and a control (sham operated). Coefficients of 2.2-2.5 cm-1 correspond to compact bone and
coefficients below 0.5 cm-1 are due to soft tissue. A broadening of the distribution on the low side of
the peak and the increased frequency between 1 and 1.8 cm-1 for the gastrectomized rat are explained
by the partial volume effect. Imaging parameters were 60kV, 4mA, 360 projections and pixel size 50
µm.
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Figure 14 shows results from measurements of inner diameter, relative bone area and moment
of inertia for control and gastrectomized rats. Individual results and mean values (histogram)
are normalised to those of the control group. The differences between the control and
gastrectomized groups were statistically significant (p<0.01, Wilcoxon’s ranked-sum test) for
all parameters.

Figure 14. Results from the analysis of inner diameter, relative bone area and momentum of inertia for
gastrectomized and control rats. The histograms show mean values (n=8) and the stars the individual
measurements. The differences between gastrectomized and control group were statistically
significant (p<0.01), Wilcoxon rank sum test for all parameters.
[From paper I]

Slice position is a critical parameter in repeated measurements. This is illustrated in figure 15
where a rat tail vertebra was examined with CµT. The slice separation was 0.5 mm and the
dramatic change in structure is demonstrated. Repeated measurements may be done with
careful positioning of the object, at a position where the structure is stable, as in femur and
tibia.

Figure 15. Three tomography slices from a rat tail vertebra. The slice thickness was 100 µm and slice
separation of 500 µm.
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Paper II. A theoretical model for determination of the optimal irradiation
conditions for computerised tomography

Figure 16 shows results from calculations and measurements on a 5.0 mm steel-cylinder with
a 1.0 mm glass inclusion for tube voltages from 70 kV to 150 kV. The calculations and
measurements show maxima at tube voltages of 100 and 105 kV respectively.

Figure 16.  Comparison between simulated SNRproj for scintillator thicknesses of 300µm (— ×— ) and
450µm (— •— ) and experimental measurements with a high signal and low scatter model (— — ) and
95% conf. int. (— ∆— )). The sample is a 5.0mm steel cylinder with 1.0 mm glass inclusion. The
simulation and the regression model show maxima at tube voltage of 100 and 105 kV respectively.
Reconstructed images of the object at 100 kV and 140 kV are inserted. [From paper II]
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Figure 17. Measured values of SNRproj as a function of tube potential for four different experimental
settings. The maximum value of  SNRproj is observed for experimental condition 2 in the upper right
plot, (low scatter and high signal strength). The results are presented for the estimated regression
model (— — ) with 95% confidence intervals (— ∆— ) and a 95% confidence interval for a new
observation (— o— ). The means of the nine observations at each tube potential are marked. The
maximum value of SNRproj for the regression models are located between 100 and 110 kV in all
experimental conditions. [From paper II]

In figure 17, image quality degradation in terms of decreasing SNRproj is demonstrated for four
different scatter and signal level settings. From the results the need for reducing photon scatter
is clearly seen.
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Figure 18. CµT images of a 5.0 mm steel object with 1.0 mm glass inclusion reconstructed from 256
projections with high and low levels of scattered radiation for optimal and non-optimal tube voltages
respectively  a) 100 kV, high signal strength and level of scattered radiation b) 140 kV, high signal
strength and level of scattered radiation  c) 100 kV, high signal strength and low level of scattered
radiation  d) 140 kV, high signal strength and low level of scattered radiation. [From paper II]

In figure 18, four CµT images of the same object have been reconstructed for the different
scatter and signal settings mentioned above. The tube voltages were 100 kV and 140 kV. It is
clear that even a small increase in SNR of the projections significant improves image quality,
which is best in (c). Experimental conditions in (b), (140 kV, high signal, high scatter) and
(d), (140kV, high signal, low scatter) illustrate the difference in image qualities  expected in
fan beam and cone beam tomography respectively.
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Paper III.  Maximising the signal-to-noise ratio in computerised tomography
data using robust design

The effect of the control factors investigated on image quality (SNRproj) are shown in figure
19, together with the interactions between the control factors. The shape of the iris is
identified to have a strong effect on SNR (high SNR at low iris level). This is expected, since
a smaller iris increases the number of photons required to reach a specified signal level beside
the object. Filter material and the use of an attenuation equalisation filter from low to high
levels have  positive effects on SNRproj. The optimal tube voltage is affected by the effects of
attenuation equalisation, filter material, filter thickness and their mutual interactions.

Figure 19. Effects of the control factor settings on SNR and optimum tube voltage. [From paper III]
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Figure 20.The SNRCT as a function of monoenergetic photons and for unfiltered and filtered X-ray
energy spectra (110kV); 0.8 mm copper and 0.8 mm lead filters were used. [From paper III]

In figure 20, calculated values of SNRproj  for monoenergetic photons are shown (for a 5.0 mm
steel object) together with 110 kV X-ray spectra with different filters. The figure shows why a
lead filter is more efficient than a copper filter.
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Paper IV.  Absorbed dose aspects in in vivo microtomography of small
experimental animals

In paper IV absorbed dose calculations were performed for rat tibia and femur. The pixel size
was varied from10 to 100 µm and doses in spongiosa and skin tissue calculated.
In figure 21 are shown the mean absorbed doses in spongiosa (a,b) and skin (c,d) as a function
of  tube voltage and photon energy, for the rat tibia and contrast detail of three different sizes.
The lowest tube voltage used in the simulations was 20 kV, but this is still not low enough to
achieve a minimum in the mean absorbed dose for spongiosa (a). With monoenergetic
photons a minimum was observed for spongiosa at 15 keV, close to the 12 keV found in paper
I for similar sample geometry using a simplified code (Spanne P, 1989).

If the absorbed dose in the skin is the critical parameter, the optimal settings are 24 kV or 17
keV.
In table 4 the minimum mean absorbed doses in spongiosa and skin for femur and tibia are
presented, for details of three different sizes.

Figure 21.  Mean absorbed dose in the spongiosa per projection as a function of tube potential (a) or
photon energy (b) and mean absorbed dose in the skin per projection as a function of tube potential
(c) or photon energy (d), for three different contrast-object (10 µm, 25 µm, 100 µm). Sample
dimensions are comparable to the tibia size of a rat and the signal-to-noise ratio  in the reconstructed
image was five. [From paper V]

10 15 20 25 30 35 40

10
-2

10
-1

10
0

Photon energy [keV]

A
b

so
rb

e
d

 d
o

se
 [

m
G

y]

10 15 20 25 30 35 40

10
-2

10
-1

10
0

Tube potential [kV]

A
b

s
o

rb
e

d
 d

o
s
e

 [
m

G
y
]

10 15 20 25 30 35 40

10
-2

10
-1

10
0

Photon energy [keV]

A
b

so
rb

e
d

 d
o

se
 [

m
G

y]

10 15 20 25 30 35 40

10
-2

10
-1

10
0

Tube potential [kV]

A
b

s
o

rb
e

d
 d

o
s
e

 [
m

G
y
]

10 µm

25 µm

100 µm

10 µm

25 µm

100 µm

10 µm

25 µm

100 µm

10 µm

25 µm

100 µm



48

Femur
Number of
projections

Tube voltage
[kV]

Absorbed dose
[mGy]

Photon energy
[keV]

Absorbed dose
[mGy]

 Spongiosa        10 µm 1024 20 726 15 600
25 µm 512 20 69 15 59

100 µm 128 20 0.7 15 0.6
 Skin                  10 µm 1024 26 2034 21 1056

25 µm 512 26 192 21 99
100 µm 128 26 1.9 21 0.9

Tibia
Number of
projections

Tube voltage
[kV]

Absorbed dose
[mGy]

Photon energy
[keV]

Absorbed dose
[mGy]

 Spongiosa        10 µm 512 20 302 15 213
25 µm 256 20 29 15 21

100 µm 64 20 0.3 15 0.2
 Skin                  10 µm 512 24 336 17 214

25 µm 256 24 32 17 21
100 µm 64 24 0.3 19 0.2

Table 4. Mean absorbed dose in spongiosa and skin at the optimal tube voltage or photon energy, for
different contrast detail sizes and numbers of projections. The signal-to-noise ratio in the
reconstructed image is 5.

Longitudinal studies

In order to follow a biological sequence of events in small experimental animals, e.g., the
development of osteoporosis caused by ovariectomy or gastrectomy, large groups of animals
must be studied to avoid problems caused by biological variation within the group. An
advantage of longitudinal studies in which the same individual is repeatedly measured is a
reduction in the statistical uncertainty of the measurements due to the reduced variation within
the group. The non-invasive technique and digital format make CµT an appropriate method in
longitudinal studies.

Three factors that influence the possibility of performing repeated CµT examinations can be
identified.
• The image quality (signal-to-noise ratio) required for the diagnostic task, which depends

on contrast, spatial resolution and noise.
• The absorbed dose in critical organs, which need to be within acceptable limits.
• The examination time which needs to be short to prevent motion artefacts and reduce

animal stress.
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Trade off between absorbed dose and imaging time

The number of repeated examinations depends on the task investigated and the need to follow
the time evolution of a particular biological process. There is a trade off between spatial
resolution on the one hand and time resolution and total number of examinations on the other.
In figure 22, examination times and mean absorbed doses in spongiosa are shown as functions
of tube voltage. The sample is a simulated rat tibia (6 mm in diameter) with a contrasting
detail of 25 µm compact bone. The figure shows that an exponential decrease in examination
time is obtained when the tube voltage is increased from 20 to 30 kV. The concomitant
increase in absorbed dose is less dependent on tube voltage. The time gained when the tube
voltage is increased relative to the time at tube settings giving the minimum absorbed dose (20
kV in this example) is shown in table 5. In the same table, the increase in the mean absorbed
dose in the spongiosa is shown. For example, when used at 24 kV instead of the optimal 20
kV, the examination time is reduced by 66 % and the total exposure time is less than 2
minutes for 256 projections. The mean absorbed dose in the sample increases with 24 %.

Figure 22. Examination time and absorbed dose in tibia spongiosa as functions of tube voltage.
Imaging parameters: Tube potential 20-30 kV (Mo target) with 1mm Al filter and tube current 4mA.
Contrast detail of 25 µm bone, Gd2O2S 140 mg/cm2 detector with detector element 25x100 µm2 and
SNR = 5 in the reconstructed image.
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Tube voltage

[kV]

Examination
time
[s]

Absorbed
dose

[mGy]

Time
gain
[%]

Absorbed dose
Increase

 [%]
20 300 29 0 0
22 166 33 45 14
24 102 36 66 24
26 90 40 70 38
28 56 44 81 52
30 51 49 83 69

Table 5. Examination times and mean absorbed doses in tibia spongiosa, together with the time gain
and increase in absorbed dose compared to the optimal conditions with 20 kV. Parameter settings:
tube current 4mA, 1 mm Al filter, 256 projections, size of the detector element 25x100 µm2, Gd2O2S
(140 mg/cm2) detector. SNR=5.

Assuming an acceptable absorbed dose in spongiosa of 0.5 Gy (Engelke et al 1993), the
results show that it is possible to do 17 repeated examinations on tibia (rat), with a pixel size
of 25 µm. With access to monoenergetic photons it would be possible to decrease the pixel
size further, however, with a pixel size of 10 µm, 0.5 Gy in spongiosa is reached after two
examinations. While monoenergetic photons are superior to energy spectra, it is important to
remember that the sharper minimum obtained with them easily results in higher absorbed
doses if the settings are incorrectly selected.
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Paper V. Bone mineral density and bone structure parameters as predictors of
bone strength: an analysis using CµT and gastrectomy-induced ostoepenia in
the rat

In paper V, the correlations between bone structure parameters, calculated from 2D
microtomography images, bone strength and bone mineral density were investigated. Femurs
from 21 male Sprague Dawley rats were subjected to computerised microtomography
examinations, the three-point cantilever bending test (femoral shaft), the two-point bending-
compression test (femoral neck) and dual energy absorptiometry. Modified gastrectomy was
carried out on 12 animals and 9 were sham operated.

Correlations between all result parameters were investigated as were differences between the
gastrectomized and sham operated samples.

In figure 23, representative CµT images of femoral neck from gastrectomized and control rats
are shown. The number of trabecular networks is dramatically changed and large areas
without trabeculae are seen in samples from gastrectomized rats.

Results from measurements of BMD, structure and strength are listed in tables 6-8. The
correlations between measured parameters for the shaft and neck from the Pearson product-
moment test are presented in table 9.

The reduction of BMD was 21% and 27% in femoral neck and shaft respectively. BMD had
an excellent correlation with all bending test parameters of the shaft. Hence, BMD is a
predictor of fracture risk for non-cancellous bone. On the other hand, BMD showed no
correlation with bone strength in the femoral neck where cancellous bone is predominant.
Correlations were instead found between trabecular thickness and strength. Consequently,
compared to trabecular size BMD is of limited interest in predicting fracture risk in cancellous
bone.
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Figure 23. CµT images of the femoral neck for control (left) and gastrectomized (right) rats. [From
paper V]

Weight
[g]

Bone area
[cm2]

BMD
[g/cm2]

Global Neck Shaft
Gastrect (n=12) 477

(78)
2,25

(0,24)
0,253

(0,018)
0,233

(0,001)
0,252

(0,005)
Control (n=9) 509

(58)
2,26

(0,14)
0,307

(0.011)
0,296

(0,006)
0,344

 (0,004)
(Gastr-
Contr)/Contr

-0,176 -0,213 -0,267

Table 6.  Animal weight, bone area and bone mineral density. Means and (SD). Global, neck and shaft
refer to different regions in the bone samples, with respect to BMD measurements. [From paper V]

BAr/Tar
[mm2/mm2]

BS/TAr
(φ=0°)

[mm2/mm2]

BS/Tar
 (φ=9 0°)

[mm2/mm2]

Tr.Wi
(φ=0°)
[mm]

Tr.Wi
(φ=9 0°)
[mm]

Tr.Sp
(φ=0°)
[mm]

Tr.Sp
(φ=9 0°)
[mm]

Gastrect. (n=9) 0,42
(0,10)

8,9
(1,8)

9,5
(2,3)

0,12
(0,02)

0,11
(0,02)

0,15
(0,05)

0,14
(0,05)

Control (n=8) 0,49
(0,05)

11,8
(1,3)

11,8
(1,7)

0,11
(0,01)

0,11
(0,01)

0,10
(0.02)

0,10
(0,02)

(Gastr-Contr)/
Contr

-0,14 -0,24 -0,19 0,09 0,0 0,50 0,40

Table 7. Results from structure analysis. Means and (SD) from three tomographic slices of femur
neck. Bar/Tar is trabecular bone area per total area. Trabecular bone surface (BS/TAr), Trabecular
width (Tr.Wi) and separation (Tr.Sp) are calculated for two directions, φ=0°and φ=9 0°, corresponding
to rows and columns in CT images. [From paper V]
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Bending
moment

[Nm x 10-2]

Energy
absorption

[J]

Bending
stiffness

[Nm/ o x10-3]

Deflection

[o]
Shaft          Gastrect. 82 (18) 0,08 (0,02) 87 (13) 10 (1)

               Control 114 (9) 0,11 (0,01) 105 (10) 11 (1)
(Gastr-Contr)/ Contr -0,28 -0,27 -0,17 -0,1

Neck          Gastrect. 95 (18) 0,14 (0,03) 79 (13) 12 (2)
               Control 91 (22) 0,15 (0,06) 67 (16) 14 (1)

(Gastr-Contr)/ Contr 0,04 -0,07 0,18 -0,14

Table 8.  Results from mechanical tests. Means and (SD). (Shaft: gastr. n=12, contr. n=9, Neck: gastr.
n=10, contr. n=8) [From paper V]
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Shaft BMD Strength
Global Shaft Moment Energy Stiffness Deflect

Global - 1 0,89 0,91 0,76 0,69
shaft 1 - 0,88 0,89 0,75 0,68
Moment 0,89 0,88 - 0,94 0,83 0,75
Energy 0,91 0,89 0,94 - 0,78 0,73
Stiffness 0,76 0,75 0,83 0,78 - ns
Deflection 0,69 0,68 0,75 0,73 ns -

Neck BMD Structure Strength
Global Neck BAr/TAr BS/TAr Tr.Wi Tr.Sp Moment Energy Stiffness Deflect

Global - 0,78 0,59 0,69 ns -0,66 ns ns ns 0,53
neck 0,78 - ns ns ns ns ns ns ns 0,58
BAr/TAr 0,59 ns - 0,87 ns -0,95 ns ns ns ns
BS/TAr 0,69 ns 0,87 - ns -0,94 ns ns ns ns
Tr.Wi ns ns ns ns - ns 0,63 ns 0,68 ns
Tr.Sp -0,66 ns -0,95 -0,94 ns - ns ns ns ns
Moment ns ns ns ns 0,63 ns - 0,78 0,79 ns
Energy ns ns ns ns ns ns 0,78 - ns 0,59
Stiffness ns ns ns ns 0,68 ns 0,79 ns - ns
Deflection 0,53 0,58 ns ns ns ns ns 0,59 ns -

Table 9. Correlation coefficients (r) of parameters of the femoral shaft and femoral neck respectively
(p<0.05, ns = not significant). Global, neck and shaft refer to different regions of the bone samples.
Moment, energy, stiffness and deflection are strength measurement parameters. The structural
parameters are described in the text.   [From paper V]
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Significance and future work

With the work started in paper I, a collaboration was established with the Department of
Pharmacology, Lund University. They had developed an animal model with the aim to
investigate underlying processes in bone formation and resorption, with special reference to
the pathophysiology and ethiology of osteoporosis. Their need to follow developments and to
quantify effects in rats after gastrectomy was well suited to the CµT technique.
Methodological aspects of the measurements with reference to image quality, spatial
resolution and absorbed dose in bone tissue are discussed in paper I. The results were
unequivocal and the collaboration continued with an enquire of longitudinal studies, in vivo.
The absorbed doses in spongiosa were, however, so high (5-10 Gy at 60 kV), that the bone
remodulation processes, the issue of interest, could be influenced.

In paper IV, it is shown that with access to lower energy X-ray spectra and careful selection of
imaging parameters, in-vivo longitudinal studies with up to 6 repeated examinations could be
performed with spatial resolutions of ≥  25 µm in femur and with 17 examinations in tibia.

Further development of the methodology will depend on the goals to be achieved, two of them
have been touched on in this thesis.

I. Changes in trabecular structure may, if they can be followed carefully over time, be the
key to understanding the basic mechanisms in the development of osteoporosis.
Longitudinal in vivo studies are then attractive since such studies open up the
possibility of reducing the uncertainties due to biological variability between
individuals.  However, it is likely that the needs for high spatial ( ≤5 µm) and time
resolutions will be too demanding. With increasing demand for improved spatial
resolution, the sample has to be reduced in size, i.e., performed on biopsies, to fit an
acceptable image matrix and to achieve reasonable imaging times and absorbed doses.

II. The practical significance of osteoporotic and other changes in bone structure is the
influence they may have on bone strength and fracture risk. In order to study the
correlation between bone structure and bone strength, the requirements of high spatial
resolution may be reduced. Here, it may instead be more important to find the relevant
measures of bone structure. In paper I, we introduced moment of inertia as a possible
predictor of bone strength which should be studied further. As shown in Paper V, the
issue of bone strength may not solely be one of bone architecture, since bone mineral
density (BMD) also appears to be important. It may also be useful to be able to
quantify bone mineral concentrations in different volume elements of the bone. Here,
dual energy CT methods could be used but such methods are still difficult to perform
on an absolute scale due to image artefacts, in particular, beam hardening and partial
volume effects.
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The study of bone micro-fracture cracks is another application where CµT techniques might
be helpful. Micro-fracture cracks develop in bone of situations of extreme loading (Madsen et
al., 1996). The healing lapse and their influence on bone strength could be investigated with
CµT.

An important field within computerised tomography is how to increase knowledge of image
artefacts and their influence on the performance of quantitative measurements with CµT.
Analysis of the histogram in figure 10 might be a way to correct for partial volume effects and
by extension, perform quantitative measurements with comparatively low spatial resolutions.

The main world-wide focus of CµT applications has so far been on bone samples and teeth
(Elliott, et al., 1997). The large object contrast and relatively small sample dimensions has
made the method successful. However, applications to soft tissue might be the next area
where CµT can be a helpful tool. With the totally open CµT system at the Department of
Radiation Physics, Linköping University, soft tissue applications with phase contrast CµT
imaging, 2D, 3D or first generation tomography with quantitative examinations is an exciting
future, where only limited by own imagination.
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