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A b s t r a c t

Magnetic resonance imaging (MRI) is a modality capable of providing excellent contrast for 

soft tissues, yet it provides very little information about bone, which, by contrast, can be 

seen clearly in CT images. This project attempts to remedy this limitation by expanding the 

visualisation capability of MRI to include details of skull boundary. The potential benefits 

of this advance include the accurate co-registration of MRI and CT or MRI and MRI image 

data, as used in frameless surgery planning; the avoidance of harmful radiation, a problem 

encountered in CT skull visualisation; modelling of electrical conductivity in the head; and 

cranioplasty planning. In addition, the method developed wiU potentially be helpful for the 

measurement of brain volume, especially small changes in voxel size, which is used in the 

quantitative assessment of changes in neurological diseases. Skull edge detection is made 

difticult due to the partial volume effect, strong edges between muscle and scalp, the thin 

appearance of the skull in the temporal region and strong edges near the superior sagittal 

sinus.

Imaging artefacts including chemical shift and magnetic susceptibility shift have also been 

investigated quantitatively and qualitatively. To detect skull contours, a new fully automatic 

conputer algorithm has been developed and the results of the method have been validated.
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O r ig in a l  C o n t r ib u t io n s

1. This project can expand the visualisation capability of MRI, which can provide 

excellent contrast of soft tissues but very little information about bone, to include 

details of skull boundary.

2. A new fully automatic image processing method for detecting whole skull contours 

including both internal and external skull contours has been developed.

3. A new method for sub-pixel skull contour detection in CT has been developed.

4. A new validation method based on manual measurement of the in-plane skull thickness 

has been developed.

5. A qualitative analysis of chemical shift artefacts and partial volume effect on skull 

thickness.

6. A quantitative and qualititative investigation of susceptibility shift on water-air interface 

in 3D gradient echo images.
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Ch apter  1

In t r o d u c t io n

The structure of this chapter is as follows. In section 1.1, the aim of the project is stated. 

Section 1.2 discusses possible future applications of the project, including image 

registration, stereotactic surgery planning, modelling of head electrical conductivity, 

cranioplasty planning and image size correction. In section 1.3, justification for using 

magnetic resonance imaging (MRI) as opposed to computed tomography (CT) is presented. 

In section 1.4, different types of MR head images, as well as a brief description of the 

neuro-anatomy and contrast properties of brain tissues are presented. Section 1.5 examines 

the problem of image acquisition for the purposes of skull extraction and discusses the 

choice of imaging parameters. In section 1.6, an image processing strategy is presented. The 

problem of validation of the segmentation is introduced in section 1.7. Finally, in section 

1.8, an overview of this thesis is presented.

1.1 AIM OF THE PROJECT

The aim of the project is to extract the skull from magnetic resonance images of the head 

with great accuracy in order to expand the visualisation capability of MRI to include details 

of skull boundary.
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1.2 POSSIBLE APPLICATIONS OF THE PROJECT

Magnetic resonance imaging is a modality capable of providing excellent contrast of soft 

tissues, yet it provides very little information about bone, which by comparison can be seen 

clearly in CT images. Our project can be seen as an attempt to alleviate this limitation by 

expanding the visualisation capability of MRI to include details of skull contours. The 

potential benefits of this advance include the accurate registration of MRI and CT data such 

as for firameless surgery planning; the avoidance of harmful radiation as is encountered in 

CT for skull visualisation; modelling of head electrical conductivity; and cranioplasty 

planning. In addition, the methods developed will potentially be helpful for the measurement 

of brain volume, which is used in the quantitative assessment of changes in neurological 

diseases.

1.2.1 Image Registration

In modern medicine, it is common to use several imaging modalities to comprehend the 

anatomy and the processes of a particular disease. Neurological imaging has highly 

demanded the integration of the information derived from its various modalities. In 

neurosurgery, MR images can be used as a primary image since certain soft tissue 

abnormalities can be visualised with great detail and accurate localisation; on the other hand, 

CT images can provide excellent images of the skull MR data can be employed for accurate 

geometric and structural information about the soft tissue while the skull can be visualised 

in CT as a rigid reference frame.

Registration, the correlation of spatially related images, has become a central advance in the 

developing aspect of medical imaging. Although many researchers have developed systems 

to register MRI and CT [Levin 88; Pelizzari 89; Hawkes 91; Hill 92; Kooy 94; van den 

Elsen 94], accurate registration is made difficult by the different image characteristics
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between two imaging modalities: contrast, spatial resolution, and geometric distortions. 

Appending the skull contours onto the MR head image can contribute to the accurate 

registration between MRI and CT [van Dijk 97], or MRI and MRI [Freeborough 96]. 

Surfaces from the detected skull contour could be used for surface matching, but in general 

voxel-based methods are potentially more accurate than surface matching [Lemieux 94a; 

Strother 94]. However, it would be still more advantageous to include information on soft 

tissues and bone in one image, without any registration process. Therefore, the need for the 

registration between MRI and CT may be eliminated for some applications by the inclusion 

of accurate skull contours in the MR head image.

For the purposes of registration of MR brain images, it is sometimes desirable to exclude 

the scalp and skull (including bone marrow) from the process as strong signals from them 

can create a lot of undesirable weighting [Wang 95]. Since the brain is surrounded by skull 

and CSF, knowledge of the precise skull contour can contribute to creating brain images for 

further accurate registration between MRI and MRI. An additional important advantage, 

as the skull is a fixed structure in the head, and is ofren unaffected by neurological disorders, 

and also covers most of region of cerebral tissues, the accurate skull surface can be used for 

precise registration between MRI and MRI , for example, in order to investigate the 

progression in neurological diseases [Freeborough 96].

1.2.2 Head Electrical Conductivity Modelling

Electroencephalography (BEG) can provide useful information about the anatomical 

localization of metabolic disturbances or disorders of cerebral function, especially epilepsy. 

In EEG, electrical currents are detected using electrodes positioned on the scalp. A three- 

dimensional model of the whole skull can provide useful information which may lead to 

more accurate solutions to the inverse problems of EEG [Lemieux 95]. For the purposes
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of modelling EEG, it is important to identify the boundaries corresponding to electrical 

conductivity changes at the interfaces between the scalp, cranium, and cerebrospinal fluid 

(CSF), Because skull has a low electrical conductivity, it is important to accurately 

determine skull thickness.

1.2.3 Frameless Stereotactic Surgery Planning

Frameless stereotactic surgery is a technique using three-dimensional (3D) spatial 

information of anatomical structures given by radiological images to treat certain brain 

diseases with high accuracy without the need for an invasive stereotactic frame. CT has been 

widely used for the purposes of stereotactic target selection for brain biopsies, 

brachytherapy, draining cysts, resecting tumours and inplantation of intracerebral electrodes 

[Lemieux 92]. Markers in the frame can be visualised in CT and MRI and used as reference 

points in the images in order to derive the exact position of targets (e.g. the hippocampus) 

mathematically with respect to the coordinate system of the stereotactic frame. In frameless 

stereotaxy, the physical fiducial system can be replaced by skin-attached markers, external 

discrete (e.g., tp  of nose or border of the eyes) or extended anatomical landmarks (e.g. skin 

or skull), or distinguishable anatomical features in the data (e.g., visualisation of the skull) 

[Lemieux 94a; Lemieux 94b]. Because the frameless approach involves less discomfort for 

the patients, the demand for frameless stereotactic systems has increased. Currently, a 

number of systems are based on skin landmarks, which are subject to distortion due to skin 

movement, swelling, etc [van den Elsen 91]. This causes a degradation of the accuracy of 

the image registration procedure.

Because of the requirement of accuracy for surgery, it is very important to acquire a high 

quality image data set for preoperative planning. MRI is widely used for frameless 

stereotactic surgery because of its flexibility and superb soft tissue contrast although the
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non-linearity in MRI is a major limitation for this particular application. Because the skull 

is a rigid structure, it could be used as a reference feature for registration. Hence a technique 

for providing additional information on bone in MRI may benefit frameless stereotactic 

surgery planning.

1.2.4 Cranioplasty Planning

Cranioplasty is a neuro-plastic surgical technique which uses artificial plates of the skull to 

treat patients with cranial damages mainly caused by accidents or the treatment of tumours 

in the head. Because cranioplasty requires knowledge of physical and geometrical accuracy 

of the skull, CT images have been widely used [Ioffe 92; Linney, 92]. However, MRI can 

be an alternative method mainly because it is free from harmful radiation exposure. 

Hesitation to use MRI in the freld is mainly due to its degree of distortion and lack of 

information on bone. However, additional information on bone in MRI could contribute to 

cranioplasty planning.

1.2.5 Radiation Treatment Planning

The aim of radiation ther^y is to remove tumours with ionising radiation while minimising 

the damage to surrounding healthy tissues. The clinical efficiency of radiation therapy is 

dependent upon its ability to affect healthy tissues and tumours differentially. This ability is 

established by biological factors leading to more damage in the tumour than in healthy 

tissues for equal amounts of radiation dose and by deliberately applying higher dose to the 

tumour. In external beam treatment, the patient is irradiated with high energy x-ray beams 

adjusted to the shape of the tumour from multiple directions.

For radiation treatment planning, x-ray and CT images have been widely used [Dobbs 90]. 

MRI is, however, not used for radiotherapy planning mainly because it is the skuU which
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causes the most attenuation, making it very difficult to actually calculate the radiation dose 

to a particular lesion volume using MRI. However, additional information of the skull in 

MRI can be used to determine skull thickness and hence to calculate radiation dose. 

Although the accuracy of the dose calculation will be less than with CT images, which are 

themselves radiation attenuation maps, the high lesion contrast that MR provides may be 

enough to make up for this disadvantage.

1.3 WHY NOT USE CT IMAGES?

As described above, CT can produce very high resolution cross sectional images of the bone 

[Swindell 90; Kneeland, 93]. Bone appears very bright in CT images because of its high 

attenuation coefficient. However, CT is not chosen in this project since it only provides 

limited information on the soft tissues. Furthermore, CT is largely restricted to the 

generation of trans-axial sections. Above all, CT has the fundamental disadvantage that it 

uses harmful ionizing radiation unlike MRI. To obtain a data set covering the entire head 

with a high spatial resolution would require a large number of slices (e.g. 250 slices for 1 

mm slice thickness in the field of view of 25.0 cm), and consequently a relatively high dose 

of radiation which may not be justified for certain applications. Effectively, our aim is to 

attempt to combine the excellent soft tissue visualisation capability of MRI with the 

convenience of skull visualisation.

1.4 MR IMAGES OF THE HEAD

MRI is an excellent anatomical imaging modality that can display excellent contrast of soft 

tissues without the radiation-dose drawback of CT. The initial research and development 

of MRI have given way to distinct clinical applications.
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1.4.1 Anatomy Around the Skull in the Head

A coronal section of the region near the cranium is shown in Fig 1-1 [Agur 91]. The skull 

is situated between the scalp and the mater, which consists of three elements: dura mater, 

arachnoid mater and pia mater. The scalp consists of five layers: skin, connective tissue, 

epicranial ̂ oneurosis, loose areolar tissue and pericranium. The skin is tied securely to the 

epicranial ̂ oneurosis, which is bound to the skull laterally. Sandwiched between the inner 

and outer tables of the skull, there is the diploe. The bone of the skull consists of two types 

of bone tissue: cortical bone, which is hard, for the external layer of the skull, and cancellous 

bone, which contains the marrow, for the middle of the cranium. The outer tough dura 

mater is in contact with the internal skull surface. The arachnoid mater in contact with the 

dura is connected over sulci on the cortical surface. The cerebrospinal fluid is contained 

within the subarachnoid space between arachnoid and pia.

1.4.2 Neuro-anatomy in MR Head Images

Figure 1-2 shows the structure of the head as visualised in sagittal and coronal MR head 

images. The detailed shape and excellent contrast of the brain including grey matter and 

white matter are clearly visible in both images. The dark regions between scalp and CSF 

represent the skull, and the bright components between the two layers of cortical bone 

(appearing as thin black bands) are bone marrow. The grey matter, white matter, corpus 

callosum, thalamus, cerebellum and spinal cord can be seen clearly. In the sagittal image (Fig 

1-2 a), lateral and medial sections of the brain are shown where the corpus callosum, 

thalamus, midbrain, ponds, cerebellum and spinal cord are visualised. The coronal image 

(Fig 1-2 b) shows other neuro-anatomical features such as superior sagittal sinus, 

longitudinal fissure and hippocampus.
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Fig 1-1 Anatomical structure near the skull [Agur 91].
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1 Brainstem
2 Cerebellum
3 Corpus callosum
4 4th Vetricle
5 Pons
6 Frontal lobe
7 Nose
8 Tongue
9 Occipital lobe
10 Parietal lobe
11 Bone marrow
12 Spinal cord
13 Vertebral column

1 Cerebellum
2  Midbrain
3 Pons
4 Temporal lobe
5 Longitudinal fissure
6 Superior sagittal lobe
7 Parietal lobe
8 Lateral ventricle
9 Ear
10 Spinal cord
11 Bone marrow

Fig 1-2 Anatomical structure of the head in MRI for (a) sagittal and (b) coronal images.
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1.4.3 CT Images

A CT image is shown in Fig 1-3. The skuU is bright and detailed, but it is very difficult to 

detect the grey and white matter in this CT image although they can be differentiated in a 

good morden CT. However, CSF cannot be detected in the brain. The slice thickness of the 

clinical CT image is normally around 5 to 10 mm partly due to avoiding a high dose of 

radiation although very thin slice thicknesses (1 mm) are available in the high performance 

scanners.

1.4.4 Appearance of the Skull and Surrounding Tissues in Various MR Images

In this section, we describe the detailed appearance of the skull in various MR images, 

mainly T1-weighted, T2-weighted and proton density (PD) weighted images. Various 

anatomical structures in the head (e.g. grey matter, white matter, CSF, skull, bone marrow, 

muscle and scalp) are compared in terms of contrast. More details on the issue of image 

contrast in MRI are discussed in section 1.5 and chapter two. (Tl, T2 and PD values for 

selected tissues are given in Table 2-1 in chapter two.)

Figure 1-4 (a) shows a proton density MR image, which basically allows the visualisation 

of all tissue containing water in some form. In proton density images, the intensity of tissues 

is dependent upon the content of water (or protons) in the tissues: CSF is the brightest 

among brain tissues because it consists mainly of water; bone marrow and fat in the scalp 

are bright; white matter appears darker than grey matter; air and cortical bone produce no 

signal Bone appears as the thin black regions between the bone marrow (bright islands in 

the dark regions) and CSF, or scalp (containing muscle) and CSF.

Rgure 1-4 (b) shows a T2-weighted image. In a T2-weighted image, CSF has the strongest 

signal intensity, followed by grey matter and white matter. It is possible to distinguish grey 

matter and white matter although their transverse relaxation time (T̂ ) is quite similar. Bone
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Fig 1-3 Head images of (a) CT and (b) MRI.

Fig 1-4 Contrast in various MR head images: (a) Proton density weighted image; (b) T2 

weighted image; and (c) Tl weighted image.
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maiTow is hardly seen in the image, and scalp and muscles are barely distinguishable. 

Figure 1-4 (c) shows a Tl-weighted image. In this image, white matter appears brighter than 

grey matter, but CSF is hardly seen. Grey and white matter are easily distinguishable in the 

Tl-weighted image. Scalp and bone marrow appear very bright.

1.5 THE IMAGE ACQUISITION PROBLEM FOR THIS PROJECT 

Bone is not visualised in MRI because the small number of mobile protons produces a very 

weak signal and the extremely short value of the transverse relaxation time hinders 

detection of the signal (see Table 2-1 in chapter two). However, bone has two advantages 

in terms of imaging: namely, the absence of motion artefacts and high contrast with soft 

tissue. Our approach to extracting bone from MRI is based on the study of image 

acquisition and image processing. Our ability to achieve the aim we have stated will 

ultimately be limited by the following characteristics of the acquired images: bone/soft 

tissue/CSF contrast, spatial resolution and geometric distortions. This will in turn depend 

upon the following factors: the complexity of tissue environments surrounding the skull, 

undesirable artefacts (e.g., chemical shift effect, magnetic susceptibility effect) and image 

characteristics (e.g., magnetic field uniformity). The physical principles of nuclear magnetic 

resonance (NMR), and MRI in particular are discussed in detail in the following chapter.

1.5.1 Physical Basis of Tissue Contrast in MRI

As discussed briefly in the previous section, MR images can be either Tl-weighted, T2- 

weighted or proton density (PD) weighted. The signal intensity of a particular tissue in MR 

images is determined by the combination of various tissue, imaging and instrument 

parameters. The tissue parameters are: proton density, longitudinal relaxation time (TJ, 

transverse relaxation time (TJ, chemical shift and magnetic susceptibility effects [Hutchison
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87; Leach, 90; Allen 93; Bronskill 93; McVeigh 93]. On the other hand, the imaging 

parameters include: sequence repetition time (TJ, echo time (Ty, flip angle, slice thickness 

and sequence type (e.g. spin-echo or gradient-echo sequence) [Hutchison 87; Leach, 90; 

Allen 93; Bronskill 93; McVeigh 93]. Finally, the instrument parameters are: effective 

transverse relaxation time {T^) and field strength. Furthermore, the characteristics of 

adjacent tissues are important due to chemical shift, the susceptibility effect and the 

homogeneity of the magnetic field in the region of interest. As a general rule, tissues with 

a high proton content and a short value generally produce a stronger signal intensity and 

therefore, a brighter appearance in MR images, while those with a low proton density and 

a short Tg value generally generate a weaker signal intensity and therefore a darker 

appearance in the images (see chapter two for more details).

1.5.2 Difficulties in Acquiring Appropriate Images

Given some specific clinical objectives, the acquisition of suitable MR images is non trivial 

because the image contrast mechanism of MRI is not simple. As described above, a number 

of constraints or parameters must be taken into account in the acquisition of MR images 

appropriate for this project; repetition and echo times, sequence types, voxel dimensions, 

anatomical coverage, spatial resolution and signal-to-noise ratio (SNR) (see chapter two). 

Since the spatial continuity of the acquired images is quite important, spatial gaps should 

be avoided. To minimise possible errors due to distortions and to obtain an accurate result, 

pixels of smaller dimensions are preferable with a thin slice thickness.

It is also necessary to take into consideration image artefacts due to chemical shift of fat and 

water in the scalp and bone marrow, magnetic susceptibility effect in the borders between 

scalp and bone or air, and magnetic field uniformity. Boundaries between scalp and skull 

may not be separated clearly because of the fat-water shift as well as the partial volume
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effect in regions where the cortical bone is very thin, or the orientation of the slices is at a 

tangent to thin parts of the skull. A further consideration is the difference in magnetic 

susceptibility between scalp and bone or air. Because of the inhomogeneity of the local 

magnetic field in the regions with different magnetic susceptibility values, position shift and 

signal loss can be observed in the region. Furthermore, the strength of the gradient field is 

a factor which affects the magnitude of geometric distortions due to chemical shift effect 

and magnetic susceptibility effect. Scanning time can be influenced by several factors such 

as the number of phase encoding gradients, the repetition time and the number of slices.

1.5.3 Choice of Images for the Project

As will be discussed in chapter three, proton density weighted images are used for this work 

because they allow the visualisation of all tissues surrounding the skull. For detecting skull 

contours, signals firom CSF, muscle and scalp are more important than those from grey 

matter and white matter in the image because they are the only detectable components by 

which the skull is surrounded in the head. The contrast-to-noise ratio (CNR) and resolution 

of the image are the main concern in the choice of the MR sequence. Since the cortical bone 

is very thin in certain regions of the skull (e.g., about 1~2 mm near the marrow), high spatial 

resolution is required for the project. This is discussed in detail in chapter three.

1.6 IMAGE SEGMENTATION

The main goals of medical image segmentation are to classify an image into fragments which 

correspond to certain tissues or abnormalities for quantitative analysis, or the construction 

of geometrical models of anatomical features for visualisation or other applications, as 

described previously.

Our objective is to develop an automatic algorithm to extract the skull from MRI with great
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accuracy. However, the development of an automatic algorithm is not trivial. The difficulties 

in extracting the skull from MRI and novel strategies to tackle these problems are 

introduced in the following sections.

1.6.1 Difficulties of Skull Extraction from MRI

Whereas MR images have desirable characteristics such as excellent contrast between soft 

tissues and can be acquired with isotropic resolution in 3D, in reality segmentation in MRI 

tends to be made difBcult by less favourable features such as tissue contrast changes among 

different pixels of the same tissue in one slice or in different slices due to radiofrequency 

field non-unifoimity. With respect to this problem, the appearance of the skull as thin and 

elongated regions surrounded by tissues of very different imaging characteristics in MRI will 

require the use of methods specifically aimed at this type of geometry. In addition, the skull 

is surrounded by various types of tissues in different regions of the head. For example, in 

the superior lobe region, the skull is surrounded by the scalp as an external layer, and CSF 

and the superior sagittal sinus as an internal layer. On the other hand, in the parietal lobe 

region, the skull is connected with the scalp for the external part, and with CSF and the 

brain for the internal part while bone marrow appears in between them inside the skull like 

an island. In the temporal lobe region, however, the skull is combined with muscle for the 

external part, and with CSF for the internal part. This makes it even more difficult to 

segment the skull in MR images accurately. As described previously, distortions caused by 

chemical shift and magnetic susceptibility artefacts in the region could limit the accuracy of 

the resulting segmented contours, and these must be quantified and taken into account. 

Furthermore, the presence of noise and the partial volume effect can cause adjacent regions 

to merge and boundaries to be lost. This is discussed in detail in section 3.1.
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1.6.2 Strategy for Extraction of Skull from MRI

Our approach to skull extraction from MRI will aim to detect soft tissues surrounding the 

skull such as scalp, muscle and cerebrospinal fluid instead of tackling bone directly, since 

bone is invisible in MR images. One of the essential parts of the project is to develop 

automatic and semi-automatic methods to segment soft tissues and CSF from whole head 

MRI data sets. In terms of automation, we will seek to minimize the number of human 

interventions and processing steps in order to reduce the total processing and human 

interaction time and maximize reliability and objectivity. A new algorithm for detecting skull 

contours is presented in chapter six, including a new automatic edge detection method to 

detect the skull contours.

1.7 VALIDATION OF THE RESULTS

Validation of the results is a very inportant part of the project, although it is often neglected 

in other works on image segmentation. Several means of validation are suggested, one of 

them based on conparison of the in-plane skull thickness from the automatic algorithm with 

that derived from manual measurement. Another possibility is comparison with skull images 

produced from X-ray CT. This is discussed in detail in chapter seven.

1.8 STRUCTURE OF THE THESIS

Chapter two reviews the principles of nuclear magnetic resonance (NMR) including the 

physics of NMR phenomena, relaxation processes, common pulse sequences, image 

reconstruction, image contrast and spatial resolution.

Chapter three discusses the choice of MR sequence for the project. Two candidates are 

discussed and compared. Artefacts and geometric distortions related pecifically to skull 

regions are reviewed and measured using phantoms. Optimal scan parameters are suggested
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in order to produce the best images for our purposes.

Chapter four: the physics of the magnetic susceptibility effect is discussed, including the 

definition of magnetic susceptibility and distortions due to magnetic susceptibility effects. 

Published works relating to magnetic susceptibility effects are examined. An experimental 

procedure for measuring the shifts is discussed and experimental results are presented. 

Chapter five reviews methods of image processing including thresholding, edge detection, 

mathematical morphology, active contour model, region growing, clustering and connected 

component analysis, and surveys the literature on MRI segmentation.

Chapter six presents detailed description of a new fully automatic algorithm for extracting 

skull contours from MR head images and the visual assessment of the results for the skull 

detection algorithm.

Chapter seven discusses a number of methods for validating the results, including the 

manual in-plane skull thickness measurement (MISTM) method and evaluates the 

performance of the algorithm described in chapter six. Results from the automatic 

segmentation algorithm are compared with manual in-plane skuU thickness measurements. 

CT and MR images of a skull phantom are used to validate the algorithm. The algorithm is 

applied to MR image data sets from six human subjects.

Chapter eight; summary of the thesis, and concluding remarks and discussion of future 

research.
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Ch apter  2

P r in c ip l e s  o f  

M a g n e t ic  R e s o n a n c e  Im a g in g

2.1 INTRODUCTION

Magnetic resonance imaging (MRI) can produce excellent contrast images for soft tissues. 

Protons in water and fat molecules produce MR signals. MR images can furthermore be 

acquired in different geometrical orientations, such as axial, sagittal, coronal or oblique. 

In the classical model, the proton can be considered as a positively charged sphere rotating 

on its axis. This spin induces a current loop which creates a magnetic field, thus the rotating 

proton may be thought of as a tiny bar magnet. If a strong static magnetic field (normally 

0.5 - 1.5T) is applied to the proton system, then the individual protons process around the 

field. Some of the protons align along the direction of the external magnetic field (spin-up), 

and some align along the opposite direction of the field (spin-down). In equilibrium, the 

spin-up protons slightly outnumber the spin-down protons in the static magnetic field, since 

the spin-up state is the stable energy state. Hence, the net magnetisation of the proton 

system points in the same direction as the static magnetic field. If radiofrequency (RF) 

radiation is applied to the sanple, protons in the lower energy state (spin-up) are transferred 

to the higher energy state (spin-down) by absorbing the radiation energy. After the RF 

radiation is switched off, as the system returns to equilibrium, energy is re-emitted as RF 

radiation. The detected signal intensity depends mainly on the number of protons present
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in the sample. After the RF radiation has been switched off, the system of protons returns 

to its equilibrium state by various relaxation mechanisms. The physical and chemical 

environment of the protons controls the relaxation time constants, which can provide 

information about the dynamics and molecular structure of the sample. This is the basis of 

nuclear magnetic resonance (NMR).

Although magnetic resonance signals can be obtained by other nuclei such as carbon and 

phosphorous further discussions will be limited to the proton (i.e nucleus of hydrogen 

atom *H). In addition, several principle equations are quoted without proof here.

The structure of this chapter is as follows. In section 2.2, nuclear magnetism of a proton is 

discussed. Behaviour of the magnetic moment in rotational reference frame is examined in 

section 2.3. In section 2.4, relaxation processes including longitudinal relaxation time and 

transverse relaxation time are introduced. Spin-echo imaging is presented in section 2.5. In 

section 2.6, the image acquisition and reconstruction are discussed, including the field 

gradient, slice selection, frequency encoding, phase encoding, two dimensional Fourier 

transform imaging, A:-space and imaging time. Fast spin-echo imaging is presented in section 

2.7. In section 2.8 the gradient-echo sequence is discussed. Signal-to-noise ratio (SNR) is 

discussed in section 2.9. Finally, the trade-off between spatial resolution and SNR is 

examined in section 2.10.

2.2 NUCLEAR MAGNETISM

A proton has a magnetic dÿole moment due to its positive charge and intrinsic spin angular 

momentum. In classical mechanics a proton with magnetic moment ̂  will experience torque 

when an external magnetic field is applied at angle 6  (See Fig 2-1).

The rate of change of the angular momentum J  can be written as [Lerski 85; Leach 90]
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Fig 2-1 Precession of a magnetic moment immersed in a static magnetic field.
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X «0 = f  (1)

where is a magnetic moment and Bgis an applied magnetic field. Equation (1) shows that 

the proton will precess in a direction perpendicular to the plane defined by fi and Bq. The 

rotational frequency ù>q of this precession can be derived by considering the small changes 

of the angular momentum lAjI as the proton rotates about Bq. In time Ar, J  will precess with 

an angle 0  given by [Lerski 85; Leach 90]

<t> = |<Uo| Ar (2)

and if 0  « 1, then I A/I can be written as

|A /| = J smO (f> (3)

^ J  = (/ sin ^  (4)

For small A / and Af, Eq (4) can be written in the differential form

= /sin ^  (Oq (5)

Substituting for d//dr from Eq (1), we then have

X = J s m O  (O q (6)

n B ^ s m d  = J s m d  (Oq (7)

and hence
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If we put

r - ! j  (9)

then Eq (8) can be rewritten as

"o = YBa (10)

where y  is the gyromagnetic, or magnetogyric ratio and û)q is the Larmor frequency.

2.3 ROTATIONAL REFERENCE FRAME

Given this, if an external static magnetic field Bq is applied to a water sample (in the z 

direction), there is a small net magnetic moment Mq in the direction of the static magnetic 

field. The Mq cannot be measured directly and only the component of in the Ay plane 

gives a measurable signal. Therefore in order to measure A/q, it must be tilted away from z 

direction to produce a measurable conponent in the Ay plane. If a second magnetic field 

rotating at the Larmor frequency cjq, is f^plied perpendicularly io Bq.M q will be tilted to 

the xy plane. The angle that Mq moves from the z axis will depend upon the magnitude and 

duration of application of (See Fig 2-2).

The motion of Mq in a static magnetic field Bq can be written as [Lerski 85; Leach 90]

üMq
y M , X (1 1 )

If a reference frame rotates at frequency <y, then the motion of Mq can be given by
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' dMg

, Jlab <

<^0
dt

+ <y X
ref

(12)

Substituting Eq (11) in Eq (12), then

YM^ X B o  =
'

dt ,
+ X AT

re/
(13)

We can write

dt
= (yM„ X B„) - (ea X Mg)

ref

(14)

= yMg X (Bo + ù>ly)
ref

(15)

f \

dt ,
-  yM^ X B

ref
eff (16)

where the effect field = Bo+ In the rotating frame Mq precesses about B ^. 

Eq (16) can be rewritten as

dt
= Mg X (ù)g + ù>) (17)

ref

If only Bo is present, then {oj^+co) = 0,iQ, û)= -cĵ  = - yBq and then = 0, ie. Mg is 

invariant in the rotating frame.

If a second magnetic field of frequency <y is applied to the system, then
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^ e ff  = ( 18)

The resonance condition is <y = -6J5 = - In other words, the rotating reference frame has 

frequency (j^ thus and rotates about B ^.^B ^  with <0 = û\y is applied along the

j:'-axis (%-axis in the rotating reference frame) then Mq will rotate about x' [Lerski 85; 

Leach 90]:

= X = r ^ a  X B; (19)
re f

and

)| = y^x\ (20)

where (Wi is the precessional frequency of Mq about x \  If radiofrequency (RF) radiation is 

applied for a short time fp, then the angle nr is given by [Vennart 85]

«  = (21)

Therefore, if a burst of radiation is applied along x' then Mq will be tilted towards the x y  

plane with the angle a. In the laboratory frame, the motion will appear more complex; Mq 

will spiral down the surface of a sphere while the RF signal is applied.

2.4 RELAXATION PROCESSES

When protons are at equilibrium in an external magnetic field Rq, they produce a net 

magnetisation Mq aligned with the external magnetic field. If this magnetisation is perturbed 

by a RF pulse at the Larmor frequency as described previously, it tends to return to its 

original position with a time constant - the longitudinal or spin-lattice relaxation time.
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Similarly, local magnetic dipole-dipole interactions cause a decay of the transverse 

magnetisation in the xy plane {M^) with a time constant 3̂  - the transverse or spin-spin 

relaxation time.

2.4.1 Longitudinal Relaxation Time,

After applying the RF pulse to rotate the net magnetisation to the xy plane, the 

longitudinal magnetisation (MJ starts to recover to its equilibrium value of Mq. The 

longitudinal relaxation time (Tj) is the time constant for the recovery of the longitudinal 

magnetisation along the z direction after a RF pulse.

According to the rotating reference frame equations, can take any value between ± M q . 

The values of particular interest are:

Mg = +Mq in the thermal equilibrium,

= 0 following a 90° pulse,

= -Mq at complete inversion.

At a first ^proximation, the recovery of can be written as [Vennart, 1985; Leach, 1990; 

Allen, 1993]

dM^ Mq -  M^
dt r . (22)

M^(t) = M ^\l -  e + MJS)) e (23)

where T, is the longitudinal relaxation time. This relaxation process implies a loss of energy 

from the perturbed protons to the material or lattice and therefore is also called the spin- 

lattice relaxation time (see Fig 2-3).
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Fig 2-4 Transverse relaxation decay.
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2.4.2 Transverse Relaxation Time,

The transverse relaxation time {T^ is the time constant for the transverse magnetisation 

decay in the xy plane after a RF pulse. After applying the RF pulse to tip the net 

magnetisation to the xy plane, the resulting magnetisation (Af^) starts to dephase due to 

local magnetic field perturbations. The magnitude of dipolar interactions depends on 1/r ,̂ 

where r is the distance between nearest neighbours, and proton separations in water are in 

the order of a few Â. These can cause magnetic field perturbations as large as ±1 mT. A 

second dephasing process also occurs through a mutual exchange of spins between identical 

nuclei The transverse relaxation time is also called spin-spin relaxation time. The net result 

is an irreversible dephasing of the nuclear spin moments and an irreversible decay of M^. 

Mjy returns to its equilibrium value of zero at the end of the relaxation process. Again a first 

approximation the decay of can be written as [Vennart 85; Leach 90; Allen 93]

dt r .
(24)

The free induction decay of is shown in Fig 2-4.

Inhomogeneities of the static magnetic field Bq also cause dephasing of as

1 1 rAgg
(26)

where 7̂ * is the effective transverse relaxation time and ABq is the magnetic field variation 

due to field inhomogeneities, to be shown later. The spin echo sequence provides the 

capability for removing static magnetic field inhomogeneity effects (Tj*) by applying a 180° 

refocusing RF pulse.
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Relaxation times and proton density for selected tissues at 1.5 T are presented in Table 2-1 

[Plewes 93; Franconi 95].

Table 2-1 Relaxation times and proton density for selected tissues at 1.5 T [Bronskill 93; 

Plewes 93; Franconi 95; Wehrli 96].

Tissue TI (ms) T2 (ms) Proton density

White matter 800 70 0.75

Grey matter 1100 90 0.85

CSF 4000 3000 1.00

Skeletal Muscle 758 47 0.75

Fat (Adipose) 260 84 0.86

Cortical Bone* >4000 < 1 < 0.01
* Values for cortical bone are estimates.

2.5 SPIN-ECHO IMAGING

After the 90° pulse at a time TJ2, a second 180° pulse is applied to refocus the dephased 

jc'y' magnetisation and the echo signal is induced at an echo time after the 90° pulse. 

After the 90° puke Mq k rotated to the y ' axis in the jc'y ' plane, after which individual spins 

precess about the z axis in the xy plane (see Fig 2-5). Magnetic field inhomogeneity, the 

dipolar field and spin-spin coupling cause dephasing of the spins relative to each other - 

some precess faster than the resonance frequency and some slower. If spins are rotated 

about thex' axis by 180°, the spin phase is inverted along the -y' axis, finally the spins wiU 

be rephased along the -y' axk to produce an echo. The inverting 180° puke cancels out any 

static magnetic field inhomogeneity effects (Tg*). Pulse sequence and received signal for 

spin-echo sequence is illustrated in Fig 2-6.

For Tr » Tg, the signal in the SE sequence can be expressed as [Leach 90; Plewes 93]
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Fig 2-5 Spin-echo sequence (see section 2.5 for details).
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Fig 2-6 Pulse sequence and Received signal for spin-echo sequence.
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SsE -  Ph (27)

where is proton density and is the repetition time defined as a time interval between 

the 90° RF pulses. For a long value and a short % value, a proton density weighted 

image is acquired. A weighted image can be obtained with a short value and a short 

Tg value. A long 7% value and a long Tg value produce a Tj-weighted image.

2.6 IMAGE ACQUISITION AND RECONSTRUCTION

2.6.1 The Field Gradient

The magnetic field gradients give the positional information from which to form an image 

of the object in question. The field gradient causes magnetisation at different points within 

the object to have different resonance frequencies. If the % gradient G* (T/m) is applied, then

+ YXG, (28)

where is the NMR signal frequency at position x during the application of a field gradient 

Gr Equation (28) shows the relationship between signal frequency and position in a linear 

field gradient.

The magnitude of the effect of the applied field gradients is very small compared to the 

principal magnetic field For example, if an imaging gradient of 15 mT/m applied across 

a 25 cm diameter object causes a range of magnetic field of 04 mT across the object. This 

is a factor of 10̂  smaller than typical Bq field strengths used in whole body MRI.

2.6.2 Slice Selection

In MRI a slice can be selected by the field gradient along the z direction Ĝ . The slice 

selection gradient causes a spread of the resonant frequencies within the entire object. Each
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slice has its own range of precessional frequencies due to the gradient (see Fig 2-7 a). The 

local field strength due to the gradient is as follows:

= ^0 + zG, (29)

The width of the selected slice is determined by the strength of the field gradient and the 

bandwidth of the RF pulse. A thinner section results either from a steeper gradient or from 

a narrower bandwidth of the RF pulse. The sine function is commonly used as an RF pulse 

shape because its Fourier transform is a rectangular shape.

2.6.3 Frequency Encoding

Frequency encoding can be applied along the x direction to break a selected slice into a 

series of bands (see Fig 2-7 b). Each band has a slightly different local field due to the 

gradient Ĝ :

B̂ = * xĜ  ( 30)

This field causes frequency differences (see Eq (28)). Therefore, spins precess at different 

frequencies in the different bands.

If a frequency encoding gradient is applied, then the signal S{t) becomes [Riederer 93a]

S(0 = dx (31)

The Fourier transform of Eq (31) is

=  - i  jS ( t)  dt ( 32)

where C = exp[/j<6(/]. Equation (32) shows that the values of for all x positions can be 

calculated directly from the complex signal as a function of time r, ie, the image can be

57



N a r r o w  B o n d  
R F p u s e

>

(A)

Î
Î
t
t

tf t î î î
Bo + G_x

\ T 7
F r e q u e n c y  B o n d s

(B)

Fig 2-7 Image reconstruction - Slice selection and frequency encoding (see sections 2.6.2 

and 2.6.3 for details).
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Fig 2-8 Image reconstruction - Phase encoding (see section 2.6.4 for details).
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reconstructed.

2.6.4 Phase Encoding

If no frequency encoding gradient is applied, then the entire selected plane has the same 

frequency. If a phase encoding gradient is applied along the y direction, then the phase is 

[Riederer 93a]

=  ^  i r yO^OTé  = f  = g'ryc,(Or (33)

where T is the phase encoding time and Gy is the field gradient along the y direction.

The received signal can be written as [Riederer 93a]

SCO = f c % ( y )  dy (34)

The Fourier transform of the signal is

M^(y) = e dt (35)

Equation (35) shows that the values of for all y positions can be calculated directly from

the complex signal (see Fig 2-8).

2.6.5 Two Dimensional Fourier Transform Imaging

If both frequency and phase encoding gradients are applied, then the signal becomes 

[Riederer 93a]

S(0 = C | d x d y  (36)

The two dimensional Fourier transform of Eq (36) is
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S (t) e g ciî (37)

Equation (37) shows that the values of at any (jc, y) position can be calculated directly 

from the complex signal as a function of time t.

2.6.5.1 ^-space

The signal of Eq (36) can be rewritten as

S(t)  = C1 1  M^(x,y) dxdy (38)

where and ky are defined as spatial frequency variables and can be given as

r G , t  (39)

ky = Y G J  (40)

These two equations can be generalised to allow arbitrary time-dependant behaviour of the 

two gradients [Riederer 93a]:

K  == dt (41)

k =y dt (42)

Equation (38) means that the signal measured at a time î is identical to a sample point in k- 

space. Equations (39) to (42) can be explained as follows, and ky are specified by the area 

under the and Gy gradients multiplied by y  during time f, ie, the spatial frequencies are 

proportional to the amplitude and duration of the gradient.

If the most negative amplitude of the Gy gradient is applied during the first repetition, the
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matching value of the spatial frequency ky is the most negative in A;-space. All values are 

sampled for that particular ky value during the readout. This process is iterated for all 

desired values of ky. A modified spin-echo sequence in A;-space is illustrated in Fig 2-9: (a) 

a starting position after a 90° pulse is applied; (b) a large, negative phase encoding gradient 

is applied along the y-axis; (c) a positive dephase gradient is applied along the x-axis; (d) a 

180° puke is applied at a time TEI2 after the 90° pulse; (e) the read-out gradient is applied 

and the echo signal is measured. The echo signal increases to reach a peak at time TE/2 

after the 180° pulse and then dephases.

2.6.6 Imaging Time

In the spin echo sequence the total imaging time T-^ for one slice is given by [Riederer 93a]

Tin.! = ”,  (43)

where is the number of phase encoding steps, is the repetition time and is the 

number of excitations per signal (= the number of acquisitions at each phase encoding 

step). For example, for weighted images with = 500 ms, «y= 256 and then 

ĥng -  256 X (500x 10 ̂ ) X 1 = 128 s or 2.1 min. For weighted images with = 2000 

ms, Aiy = 256 and = 1 then T-^ -  256 x (2000x 10 ̂ ) x 1 = 512 s or 8.5 min. For 

proton density weighted images, = 4000 ms, = 256 and ^*= 1  then T-^ = 256 x 

(4000x10 ̂ ) X 1 = 1024 s or 17 min. Proton density weighted imaging and weighted 

imaging are generally more time consuming than weighted imaging because of the 

longer times.

2.7 FAST SPIN-ECHO IMAGING

In the spin-echo (SE) sequence, a single echo is obtained at echo time TE following a single
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Fig 2-9 Spin-echo sequence and its path in ^-space (see section 2.6.5.1 for details).
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excitation pulse. In other words, one line of ̂ -space is acquired per repetition time TR in 

the SE sequence. In the fast spin-echo (FSE) sequence, on the other hand, multiple echos 

are acquired following a single excitation pulse. Each echo corresponds to a different phase 

encoding and can be allocated to different lines of A:-space (see Fig 2-10).

The acquisition time of the FSE sequence is affected by several factors, including, the 

number of multiple echos per repetition interval (or the echo train length) and the inter-echo 

time (or echo spacing) [Constable 92; Riederer 93b].

The acquisition time can be reduced significantly by increasing the echo train length (ETL). 

For example, if the ETL is four, the acquisition time will be reduced to a quarter of that 

acquired by a conventional SE sequences. An important parameter of FSE sequence is the 

inter-echo time. The inter-echo time is the time interval between the multiple echos during 

the repetition interval The shorter the multi-echo time, the more echos can be obtained over 

the duration of T2 decay. Typical inter-echo time is about 15 ms [Riederer 93b].

The “effective” TE (TE^g) can be defined as the echo time at which data measured and 

allocated to the nearby area of the origin of ^-space are acquired. The contrast of the 

resulting FSE image is more or less similar to a conventional SE image acquired with TE^g. 

Since the multiple echos are acquired while T2 decay is occurring, each line of ̂ -space is 

replaced by a different amount of T2 decay. This modulation can cause some artefacts 

including ghosting and blurring [Constable 92; Riederer 93b]. The blurring decreases as the 

number of encodings is increased. On the other hand, with the long TE^g, the high spatial 

frequencies from early echos are amplified in the signal modulation and this results in some 

edge enhancement. In addition, magnetisation transfer occurs in multi-slice FSE imaging and 

this darkens the gray and white matter in the brain distinctly but does not affect CSF and fat 

significantly [Constable 92]. Due to this effect, the CSF and fat appear relatively brighter 

in head imaging.
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Fig 2-10 (a) Schematic diagram of the acquisition of four multiple spin-echos following a 

single excitation pulse, (b) The echos can be phase encoded differently from each other and 

assigned to different lines in k-space.
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2.8 GRADIENT-ECHO IMAGING

In the spin-echo sequence the effect of the magnetic field inhomogeneity is eliminated by 

the rephasing 180° pulse to produce an echo. If an RF pulse of a flip angle a  < 90° is 

applied, transverse magnetisation is created in addition to residual longitudinal 

magnetisation. The rephasing 180° pulse would generate a spin-echo and also invert the 

residual longitudinal magnetisation along the -z direction. To avoid this, a gradient-echo can 

be produced by altering the polarity of a readout gradient (see Fig 2-11).

Note that gradient-echo sequences are intrinsically sensitive to magnetic field 

inhomogeneities because the readout gradient can be affected by superimposition of any 

static gradients either from variations in tissue magnetic susceptibility or imperfection of the 

static field. The gradient-echo signal 5ge is given by [Wehrli 91; Glover 93]

(44)
I -  e * ' cos nr

where is the proton density. Equation (44) shows that gradient-echo images are Tg*- 

weighted and that the signal becomes independent of as the flip angle nr is reduced;

Ti-independent images can be collected for any given at a low enough flip angle. The

flip angle also can be used to maximise the signal at a given 7%. The magnetic resonance 

signal as a function of the flip angle for several soft tissues in the head is plotted using 

Eq (44) in Fig 2-12. A proton density-weighted image can be acquired at a low flip angle 

( n r =  5°) whilst a T,-weighted image can be collected at a high flip angle ( n r =  20-30°) as 

shown in Fig 2-12.

Because a 180° pulse is absent and there is considerable residual longitudinal magnetisation 

due to the low fiq) angle, the gradient-echo sequence allows shorter repetition times down 

to about 5 ms. This makes it possible to obtain a 3D volume acquisition where data are
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obtained from an entire volume by means of phase encoding along the y and z directions. 

Hence, the total data matrix is defined by the number of frequency encodings, number of 

phase encodings in the y direction and number of phase encodings in the z direction. Other 

advantages of 3D imaging by gradient-echo are that isotropic images as well as very thin 

contiguous slices can be collected.

2.8.1 The Steady State

The steady-state is the condition of a dynamic equilibrium where and coexist at all 

times. This can occur when a train of equidistance RF pulses is ^plied under the condition 

of Tr «  Tj. It is assumed that a 90° RF pulse is applied and then the spins precess by an 

angle 0  = 180° (see Fig 2-13 a). If the second 90° RF pulse is applied at that time, the entire 

residual from the previous RF pulse is transformed to Af̂ , whereas the partial regrown 

is converted to (see Fig 2-13 b).

2.8.2 The Spoiling Process

Residual transverse magnetisation can be removed, thus preventing the build-up of a steady- 

state. Spoiling is a technique of eliminating residual transverse magnetisation in preparation 

for the next repetition of the pulse sequence. A gradient pulse called a spoiler can be applied 

to dephase the residual transverse magnetisation following completion of data acquisition 

[Glover 93]. The build-up of a coherent signal is eliminated by altering the area under the 

spoiler in a pseudo-random sequence. As far as the area of the gradient is too large to 

introduce artificial components into the useful part of k-space, the gradient can be applied 

in any axis. A disadvantage of this technique is that dephasing can not be completed 

depending on the subject. Spins at the origin of the gradient are not changed by the spoiler 

gradient.
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Fig 2-13 Steady state (see section 2.8.2 for details).
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2.9 SIGNAL-TO-NOISE RATIO (SNR)

The SNR is defined as the ratio of the amplitude of the MR signal to the root mean square 

of the background noise. The MR signal is the voltage induced in the receiver coil by the 

precession of the net magnetisation vector in the transverse plane. The noise is the unwanted 

signal resulting from the MR system, the environment and the patient. The main source of 

the noise for imaging applications at field strengths greater than 0.5 T is the Johnson thermal 

noise fi*om the electrolytes in the patient. The SNR in MRI depends on various factors such 

as pixel size, slice thickness, phase and frequency encoding steps, the number of averages 

of each NMR signal (NEX), proton density, Tl, T2 and so on.

The signal ̂ 20 for the 2D acquisition is proportional to the voxel volume (Vyox)* the proton 

density (/Og), the number of frequency and phase encoding steps, and NEX (/i„). It can be 

written as [Plewes 93]

“ Ph Kox " e x  " x  ", (45)

where

where fov^ and/oVy are FOV in the j c  and y directions, is the number of frequency 

encoding steps, is the number of phase encoding steps, w is the slice width or 

thickness.

The signal for the 3D acquisition is

^ 3D  “  P h  ^ vox " e x  " x  " y  " z  (47)

where

69



where/ov^ is FOV in the z direction, is the number of phase encoding steps in the z 

direction.

The noise in the image is proportional to the square root of the bandwidth of the data 

acquisition system, numbers of frequency and phase encoding steps, and NEX. The noise 

N2D for the 2D acquisition can be written as

The noise for the 3D acquisition is

^3D “ V"* "y "z " e x  ^ (50)

where y is the bandwidth of the signal. Therefore the SNR can be written as for the 2D 

acquisition [Plewes 93; Barker 95]

and for the 3D acquisition

Equations (51) and (52) shows clearly that the SNR depends directly on the x  and y pixel 

dimensions as well as the slice thickness (or the z pixel dimension in 3D acquisition), ie, 

depends on voxel volume (see Eqs (53) and (54)). SNR is also proportional to the square 

root of NEX, and inversely proportional to the square root of such variables as the number
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of frequency and phase encoding steps (and slice encoding steps in 3D acquisition) and the 

receiver bandwidth. Using the relationship in Eqs (46) and (48), Eqs (51) and (52) can be 

rewritten as

S N R ^  « Pjj ^
V

(53)

SNR̂ d Ph (54)

2.10 THE TRADE-OFF BETWEEN SPATIAL RESOLUTION AND SNR

As discussed in the previous section, the signal-to-noise ratio (SNR) is proportional to voxel 

volume as shown in Eqs (53) and (54).

When slice thickness increases, the SNR is increased in all tissues while spatial resolution 

decreases due to the partial volume effect. By contrast, reduction of slice thickness 

decreases the signal-to-noise ratio but enhances the resolution.

If the FOV is halved in both directions, the SNR is reduced by a quarter because the voxel 

volume is decreased by a quarter. But the spatial resolution is doubled along both the 

frequency and phase encoding axes. This shows that significant reduction of the FOV 

provides little increment of the resolution whereas the SNR is decreased dramatically. 

Finally, as the matrix is enlarged (by increasing the number of phase and/or frequency 

encoding steps) the resolution is increased because of the smaller voxel size and the SNR 

is decreased depending on the voxel size reduction. If voxel size is unchanged, the SNR is 

enhanced due to the increase in phase encoding steps. But the spatial resolution in the phase 

encoding axis is halved while that in the frequency encoding axis remains unchanged.
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The scan time {T^) is related to spatial resolution (and SNR). Substituting Eq (53) in Eq 

(43), then

SNR
(55)

Equation (55) shows that the scan time is proportional to the bandwidth and SNR. On the 

other hand, reduction of the voxel volume (V̂ox)» is, increasing spatial resolution, can 

increase the scan time.
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Chapter  3

Im a g e  A c q u isit io n  f o r  A u t o m a t e d  

M e t h o d  o f  Sk u l l  D e t e c t io n  in  M R I

The structure of this chapter is as follows. In section 3.2, difficulties in the accurate 

detection of skull contours in MRI are discussed. In section 3.3, possible MRI sequences 

for the project are discussed. Simulations of signal intensity for 2D and 3D images are 

presented in section 3.4. In section 3.5, measurement of signal intensity in 2D and 3D 

images are presented including SNR and CNR for both 2D and 3D images. The chosen MR 

sequence used for the project is presented in detail in section 3.6. In section 3.7, geometric 

distortions for the chosen sequence are discussed, including the chemical shift artefact, the 

movement artefact and the partial volume effect artefact. Finally, the conclusions are 

presented in section 3.8.

3.1 DIFFICULTIES IN THE ACCURATE DETECTION OF SKULL CONTOURS 

IN MRI

There are several difficulties in the accurate detection of skull contours in MRI. The 

discussion of the difficulties follows.

The partial volume effect: The partial volume effect appears severely in the anterior and 

posterior slices in coronal image data because the coronal image plane is not perpendicular 

to the skull surface in the slices. The edges are bluired in these image slices due to the
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partial volume effect, making it difficult to detect skull edges accurately.

Local inhomogeneity of tissue intensities in the image: Local inhomogeneity of tissue 

intensities in the image also makes it difficult to detect skull edge positions accurately. It is 

very difficult to develop a robust method which can detect edges accurately in spite of local 

variations in the image.

Chemical shift artefact: Fat in scalp and bone marrow is shifted with respect to water due 

to the resonance frequency difference between them. This shift known as chemical shift, 

could cause the edge positions of scalp and marrow to shift.

Susceptibility shift artefact: Magnetic susceptibility differences within tissues often cause 

large shift artefacts in MRI. In the head, the anatomical structures adjacent to air-soft tissue 

or air-bone interfaces (e.g., frontal and sphenoid sinuses, tenporal lobes) are subject to large 

susceptibility effects. As a result, the detected skull edge may not in fact be the true skull 

border.

Strong edges and the thin appearance of the skull: As will be shown in later, it is quite 

difficult to detect accurate skull edges in the superior and temporal lobe regions due to the 

appearance of strong edges near the superior sagittal sinus and high contrast-to-noise ratio 

between the muscle and scalp. Also, the thin appearance of the skull in the temporal lobe 

region causes problems in the detection of skull edges precisely in that region.

3.2 POSSIBLE MR SEQUENCES FOR THE PROJECT

For detecting skull contours, signals from CSF, muscle and scalp are more important than 

those from grey matter and white matter in the image because they are the only detectable 

components which surround the skull in the head. Furthermore, the signal-to-noise ratio 

(SNR), artefacts and resolution of the image are the main concern in the choice of the MR 

sequence. Finally, the acquisition time is always a concern in the choice of MR sequence.
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3.2.1 Choice of Image Slice

Coronal acquisitions are used since it was natural to choose the coronal slice for the project 

initially. The coronal slice has advantages including clear appearance of skull in the superior 

cranial region and tenporal region, although there is the partial volume effect in anterior and 

posterior slices. On the other hand, in axial images, there is no partial volume effect in 

anterior and posterior parts of skull but it would be difficult to segment skull accurately in 

slices containing eyes. Furthermore, it would be very difficult to segment skull accurately 

in the region of superior cranium due to severe partial volume effect. In sagittal images, 

there is no partial volume effect in anterior and posterior parts as well as the superior region 

of skull but it would be very difficult to segment skull accurately in the regions of the 

parietal and temporal lobe due to partial volume effect. It would be, therefore, desirable to 

consider and use all available image orientations (axial, coronal and sagittal) to detect skull 

accurately in MR images. The improvement of the accuracy of the algorithm using different 

image planes is discussed in future works in chapter 8 (see section 8.4.4).

In proton density (PD) weighted images, every component in the head including CSF, 

muscle and scalp, with the exception of the skull, are visualised. It is possible to acquire 

images in 2D or 3D. A 2D fast spin-echo (FSE) sequence is chosen for the 2D acquisition 

and a 3D gradient-echo (GE) sequence is chosen for the 3D acquisition. Although 2D GE 

and 3D FSE sequences are also available, they are not considered here since their image 

quality and acquisition time are not as practical as those from the 2D FSE and 3D GE 

sequences. The advantages and disadvantages of the 2D FSE and 3D GE acquisitions are 

discussed next.

3.2.2 Advantages and Disadvantages of 2D and 3D Acquisitions

The 2D FSE sequence has several advantages: high signal intensity, short acquisition time
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and no signal loss due to susceptibility artefact. On the other hand, the advantages of the 

3D GE acquisition include isotropic voxel, less partial volume effect due to smaller voxel 

size and thinner slice thickness.

The disadvantages of the 2D FSE acquisition include non-isotropic voxel, partial volume 

effect due to bigger voxel size, the difficulty of reconstructing an arbitrary slice orientation 

without distortion and chemical shift artefact. The 3D GE acquisition has several 

disadvantages such as lower signal intensity due to smaller voxel, longer acquisition time, 

which could cause an additional artefact due to movement of the subject, chemical shift 

artefact and susceptibility artefact including signal loss and geometric distortion. The 

advantages and disadvantages of 2D FSE and 3D GE acquisitions are summarised in Table 

3-1.

Table 3-1 Comparison of 2D FSE and 3D GE acquisitions.

Parameter 2D FSE acquisition 3D GE acquisition

Acquisition time Short (6 min) Long (20 min)

Isotropic voxel No Yes

Slice thickness Thick (3-5 mm) Thin (1-2 mm)

Distortion in 
slice reconstruction

Yes No

Partial volume effect Yes (more) Yes (less)

Chemical shift artefact Yes Yes

Susceptibility artefact (shift) Yes Yes

Susceptibility artefact (signal loss) No Yes

3.2.3 Imaging Parameters

Examples of imaging parameters for the PD weighted image of the head by the FSE and GE 

sequences are conpared in Table 3-2. To produce the PD weighted image, for the 2D FSE
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sequence, long TR (4 s) and short TEg  ̂(22 ms) were employed. A long TR value assures 

that the long longitudinal magnetisation in all of the tissues is recovered to close to its 

equilibrium value before excitation pulse in the image sequence. This minimises the 

dependence on Tl. The short TE value assures that the transverse magnetisation is decayed 

very little before sampling the signal niinimising the dependence on T2 (see Fig 3-1 a). T2 

of fat is quite short and signal would be decreased at large TE’s. In addition, for the 

complete recovery of the longitudinal magnetisation in the CSF, which has the longest Tl 

value in the tissues of interest, the TR (4 s) was chosen to match with the Tl of CSF (=4 

s). Selection of the echo train length (ETL) is important due to its influence on image 

contrast, blurring and SNR. In general, as the selected ETL increases, the number of echos 

contributing to T2 decay is increased. Furthermore, acquisition time and the number of 

slices available are decreased as the ETL increases. After taking into account the factors 

of ETL, images were acquired with an ETL of 8.

Table 3-2 Imaging parameters for 2D and 3D acquisitions.

Imaging Parameter 2D Fast Spin Echo 3D Gradient Echo

TR (ms) 4000 35

TE (ms) 22 (TE^) 3

Flip angle (degree) - 8

Echo train length 8 -

NEX 1 1

FOV (cm") 24.0 X 24.0 24.0 X 24.0

Matrix 256 X256 256 X 256

Slice thickness (mm) 3.0 1.5

Voxel size (mm") 0.9 X 0.9 X 3.0 0.9 X 0.9 X 1.5

Number of slices 68 128

Scan time (min:sec) 6:25 19:10
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For the 3D GE sequence, low flip angle (8°) with short TR (35 ms) and short TE (3 ms) 

was used to produce the PD weighted contrast. At very small flip angle in the 3D GE 

sequence, the intensities are independent of the Tl relaxation time since the longitudinal 

magnetisation remains near equilibrium for low flip angle (see Fig 3-1 b). In addition, the 

short TR (35 ms) was employed for the 3D GE sequence in order to reduce the scan time. 

As TR decreases, the scan time is reduced (see Eq (55) in section 2.10) but the signal 

decreases as well (see Fig 3-1 c). For example, if TR is reduced from 35 ms to 10 ms, then 

the scan time can decrese to around 6 minutes (compared to 19 minutes) but the signal is 

reduced by 14-57% depending on the tissue type. Since the same field of view (FOV) and 

matrix size are applied in both 2D FSE and 3D GE sequences, the pixel size is same for the 

two acquisitions. Because of the difference in slice thickness, the voxel in the 3D GE 

images is smaller than that in the 2D FSE images. It should be noted that although 3D GE 

sequence can produce smaller voxel (or thinner slice thickness) compared with 2D FSE 

sequence, the scan time of the 3D sequence is approximately three times longer than that 

of the 2D sequence (see the last column in Table 3-2).

3.3 SIMULATION OF SIGNAL INTENSITY FOR 2D AND 3D IMAGES

To find out the signal intensities of CSF, muscle and fat (or scalp) for the 2D SE and 3D 

GE imaging sequences, the theoretical signal intensities for 2D SE and 3D GE are 

calculated using Eqs (27) and (44) in chapter two.

The results of the modelling are shown in Fig 3-1. The intensity for the 2D SE sequence 

was plotted against the echo time in Fig 3-1 (a), while that for the 3D GE sequence was 

plotted against the flip angle in Fig 3-1 (b) and the intensity change in the 3D GE sequence 

was plotted against TR in Fig 3-1 (c). Imaging parameters for the scan of 2D SE and 3D 

GE sequences in Table 3-2 were employed for the simulation. In addition, relaxation times 

and proton density for CSF, muscle and fat given in Table 2-1 in chapter two were 

employed for the simulation.
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Fig 3-1 Signal intensities of CSF, muscle and fat from the theoretical equations for (a) 2D 
spin-echo sequence (TR = 4000 ms) and (b) 3D spoiled gradient-echo sequence (TR = 35 
ms and TE = 3 ms), and (c) Signal intensities of CSF, muscle and fat for various TR values 
in the GE sequence (TE = 3 ms and a = 8°).
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In the spin-echo simulation curve (Fig 3-1 a), signals from muscle and fat decrease 

exponentially as the echo time increases whilst the signal from CSF decreases 

exponentially and very gradually as the echo time increases. At early echo time (10 ms), 

the signal intensity of fat is the brightest in the image while CSF is the darkest. After long 

echo time, for example, 200 ms, signals from muscle and fat almost disappear, while those 

from CSF still maintain approximately 93% of their initial intensity.

In the gradient-echo simulation curve (Fig 3-1 b), signals from CSF, muscle and fat 

increase at the beginning then decrease as the flip angle increases. CSF has its peak at 

around T  while peaks of muscle and fat appear at 15° and 30°. Fat appears as the brightest, 

whereas CSF is the darkest in the image for the higher flip angles.

The signal intensities of CSF, muscle and fat (or scalp) for the 2D and 3D imaging 

sequences can be predicted with the realistic imaging parameters. From the simulation 

curves in Fig 3-1, the intensity values for CSF, muscle and fat (or scalp) were selected at 

TE = 24 ms for the 2D sequence and at a = 8° for the 3D sequence.

3.4 MEASUREMENT OF SIGNAL INTENSITY IN 2D AND 3D IMAGES

3.4.1 Signal Intensity and Noise

A subject was scanned using both the 2D FSE and 3D GE sequences with the imaging 

parameters discussed in above. The 2D FSE and 3D GE images are shown in Fig 3-2. In 

the FSE image, skull edges (CSF, muscle and scalp) appeared clearer than those in the GE 

image for all slices due to the edge enhancement effect in FSE (see section 2.7). 

Furthermore, in the GE image, the skull edges appeared to be blurred in certain regions 

such as the left superior lobe and the right temporal lobe regions. In general, the GE 

sequence has poorer SNR than the FSE sequence since the echo is formed by an a° pulse 

rather than a 180° pulse, which leads to reduce echo intensity. But there is averaging of a 

factor of / to improve SNR in the GE sequence where 77̂ is the number of slices (see Eqs 

(53) and (54) in section 2.9).
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Fig 3-2 Comparison of images from 2D and 3D acquisitions, (a) 2D fast spin-echo image 

(TR = 4 s, TEgg = 22, Echo train length = 8, Slice thickness = 3 mm) and (b) 3D spoiled 

gradient-echo image (TR = 35 ms, TE = 3 ms, a = 8°, Slice thickness =1.5 mm).
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The signal intensities of CSF, muscle and fat and background noise were measured in the 

simulations and the 2D FSE and 3D GE images and the results summarised in Tables 3-3 

and 3-4. For the signal calculation in the 2D FSE simulation, a factor of 2 was multiplied 

since the slice of FSE (3 mm) was twice thicker than that of GE (1.5 mm) (see Table 3-2). 

For the signal calculation in the 3D GE simulation, a factor of / was multiplied.

Table 3-3 Simulated signal intensities, signal intensity ratio relative to muscle (SIRM) and 

CSF (SIRC), and signal intensity ratio between FSE and GE sequences (SIRB) of CSF, fat 

or muscle for 2D and 3D imaging sequences. For 2D FSE, TR = 4 s and TE = 24 ms, and 

for 3D GE, TR = 35 ms, TE = 3 ms and a = 8°.

Simulation

Tissue
20 FSE 30 GE

SIRB
Signal SIRM SIRC Signal SIRM SIRC

CSF 1.26 1.21 - 0.75 0.79 - 1.69

Muscle 1.04 - 0.83 0.95 - 1.27 1.09

Fat 1.30 1.25 1.03 1.47 1.55 1.97 0.88

Table 3-4 Image signal intensities, SNR, SIRM, SIRC and SIRB of CSF, fat or muscle in 

the 2D and 3D images. For 2D FSE, TR = 4 s and TE = 24 ms, and for 3D GE, TR = 35 

ms, TE = 3 ms and a = 8®.

Image

Tissue
20 FSE 30 GE

SIRB
Signal SNR SIRM SIRC Signal SNR SIRM SIRC

CSF 1056±1 56.5 1.45 - 111±1 31.7 0.95 - 1.78

Muscle 728±26 38.9 - 0.69 117±4 33.4 - 1.05 1.17

Scalp* 840±62 44.9 1.15 0.80 90±8 25.8 0.77 0.81 1.74

Noise 19±4 - - - 4±0 - - - 5.34
* Scalp consists of fat and other components (scalp ^ fat).

Several different regions in the image for CSF, muscle and scalp (fat) were employed for
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the intensity measurement. The noise was determined by averaging the measurements of the 

background intensity at several different regions in the image.

Signal intensity ratio between 2D FSE and 3D GE sequences (SIRB) in the simulations and 

measurements for CSF, muscle and scalp (fat) were calculated and the results are plotted 

in Fig 3-3 (a). This graph was generated in order to examine the performance of the image 

sequences compared with theoretical calculations. SIRB’s of CSF and muscle in the 

measurements agreed well with those in the simulations. However, SIRB of scalp in the 

measurement was twice greater than SIRB of fat in the simulation. This can be explained 

by the fact that scalp consists of several layers of different tissues such as skin, connective 

tissue, aponeurosis and so on (see Fig 1-1) and that the signals are tuned to water and the 

fat precesses away from water for TE >0. In Fig 3-2, it is clearly seen that the scalp in the 

superior lobe region appears a multi layer object. In fact, the signal intensity measurement 

of the scalp is the mean intensity from the scalp tissues. In addition, signal intensity ratio 

relative to muscle (SIRM) and CSF (SIRC) were calculated and the results were plotted in 

Figs 3-3 (b) and (c). The graphs showed again that there was disagreement between the 

simulation and measurement for scalp.

The intention of simulation was to find similar intensities for all the tissues. This succeeded 

since the results in the image agreed well with simulation.

3.4.2 Contrast-to-Noise Ratio (CNR)

In general, for medical image segmentation, the contrast-to-noise ratio (CNR) is very 

inportant since the region of interest is normally placed adjacent to or within other tissues 

in the image. The CNR is defined as [McVeigh 93]

S - iSl
CNR = —------  (1)
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Fig 3-3 Comparison of signal intensities between simulation and 2D FSE and 3D GE images 
for CSF, muscle and scalp/fat: (a) Signal intensity ratio between FSE and GE (SIRB), (b) 
Signal intensity ratio relative to muscle (SIRM), (c) Signal intensity ratio relative to CSF 
(SIRC).
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where 5, is the signal intensity of tissue a, 5̂  is the signal intensity of tissue b and a  is the 

noise level. In the case of the tissues surrounding the skull, = 0. Therefore, the CNR of 

the tissues surrounding the skull is equivalent to their own SNR.

3 ^  MR SEQUENCE FOR THE PROJECT

From the results from simulations and images, the 2D FSE sequence has CSF, muscle and 

scalp with superior image contrast and SNR of 39 - 57 while the 3D GE sequence has CSF, 

muscle and scalp with broadly similar image contrast and SNR of 26 - 33. SNR in the FSE 

image were better than those in the GE image and the skull edges appeared very clearly in 

the FSE image (see Fig 3-2) due to the edge enhancement effect in the FSE sequence 

[Constable 92; Riederer 93b]. Furthermore, the contrast between CSF, muscle and scalp in 

the 2D FSE image was significantly better than in the 3D GE image, due to the strong signal 

intensities (or SNR) from CSF, muscle and scalp (see Table 3-4) and enhanced edges of 

CSF. Since the scan time of the 3D GE sequence was approximately three times longer than 

that of the 2D FSE sequence (see Table 3-1), the 3D GE sequence was more susceptible 

to movement which causes blurring edges in the image. Although the near-isotropic nature 

(due to the thinner slice thickness) of the 3D data would be an advantage in terms of 

reducing the partial volume effect, SNR, image contrast and image quality of the 3D data 

were not good enough for accurate skull contour based on the analysis of the intensity 

measurements in the simulations and images, and visual inspection, which is a powerful tool 

for picking up small changes in the shape and intensity in the image. This is partly because 

the GE sequence in general has poorer SNR than the FSE sequence since the echo is formed 

by an pulse rather than a 180° pulse.

Because of the superior image quality, higher SNR, the clear appearance of the skull edges, 

the superior image contrast between CSF, muscle and scalp, the practical (relatively short)
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acquisition time, less susceptibility to movement in the 2D FSE sequence, the 2D FSE 

sequence was chosen for the project.

3.5.1 MR Images for the Project

Proton density (PD) weighted coronal images were acquired using a fast PD weighted spin 

echo sequence (RARE: rapid acquisition with relaxation enhancement) using a GE Signa

1.5 T scanner (see Table 3-2 for detailed imaging parameters). The number of slice varies 

depending on the head size of the subject. Six volume data sets for six human subjects were 

used in this work. Five healthy male and one female volunteers were scanned. The details 

of the imaging parameters for individual subjects are summarised in Table 3-5.

Table 3-5 Imaging parameters for the human subjects (2D FSE with TR = 4000 ms, TE^g 

= 20-26 ms. Echo train = 8, Matrix = 256 x 256 (*256 x 192), FOV = 24 x 24 cm  ̂(*24 

X 20 cm^).

Subject
Slice

NEX No of 
Blocks

Scan time 
(minisec)Thickness

(mm)
Number

SI* 3 60 1 2 4:49

S2 3 67 1 2 6:25

S3 3 70 1 3 6:25

S4 3 72 2 3 12:49

S5 3 65 2 2 8:32

S6 2 102 2 3 13:37

The cortical bone of the skull generally appears as a thin, dark band bounded by the brain 

and CSF on the interior, with scalp and muscle on the exterior. In certain regions, a layer 

of bone marrow appears within the bone.
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3.6 GEOMETRIC DISTORTIONS IN THE IMAGES

3.6.1 The Chemical Shift Artefact

The main artefact in the 2D FSE and 3D GE sequences may be chemical shift. The position 

of fat will be shifted with respect to that of water in direction of the read-out gradient. The 

chemical shift (4) is given by

Ô = 3 .5 5 x 1 0 '® —  (2)
Gr

where Bq is the main magnetic field (1.5 T) and is the read-out gradient which can be 

calculated using

where y is the magnetogyric ratio (42.5 MHz/T), vis the bandwidth and/ov is the field 

of view. 4  [mm] can be given in terms of v [kHz] and of G, [mT/m] at 1.5 T and fov = 

0.24 m using the relationship in Eq (3), and is

S = = 2 Ê  (4)
V G,

From Eq (4), the chemical shift in the 2D FSE and 3D GE images can be calculated. For 

exarrçle, the chemical shift is 3.5 mm for 16 kHz at 1.5 T. In the image, the superior region 

of the skull, which is surrounded by scalp and bone marrow, can be affected by the chemical 

shift artefact. The position of the skull edge in the superior region could be affected by 

chemical shift.
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3.6.1.1 Analysis of chemical shift in the image

To analyse the chemical shift effect in the image, the same subject was scanned with 

different strengths of G,. The direction of the read-out gradient was from top to bottom in 

the image. The results are presented in Fig 3-4. The superior region of the head was 

enlarged to reveal the effect of chemical shift clearly. The apparent thickness of the scalp 

in the superior region is decreased as G, is increased (see Fig 3-4). Also, the borders 

between bone marrow and CSF in the superior lobe region at the lower gradient strengths 

are bright because the fat in marrow was shifted and superimposed onto CSF due to 

chemical shift (compare Fig 3-4 a-f with Fig 3-4 g-1).

To quantify and analyse the chemical shift effect in the image, an apparent scalp 

thickness (AST) was measured. The AST measurement and chemical shift calculation for 

different gradient strengths (and bandwidths) are summarised in Table 3-6. The AST 

measurement and chemical shift calculation are also plotted against 1/G, in Fig 3-5.

AST was not changed for the higher G, between 2.0 and 6.1 mT/m, but as G, increased, 

AST increased downwards in the image. According to the measurement, for the higher 

gradients (^ 2.0 mTAn), the fat in the scalp would be shifted within the range of AST. 

Furthermore, the scalp consists of several layers (see Fig 1-1 in chapter one) and the fat 

does not extend to the edge for the higher gradients. In other word, the skull edge 

surrounded by the scalp would not be affected by the chemical shift artefact for the higher 

gradients (^ 2.0 mT/m). Thus G, = 3.1 mT/m, which was employed for the present project, 

was high enough to prevent the scalp thickening due to chemical shift.

In addition, thicknesses of the inner table of the skull and bone marrow were measured in 

order to analyse their variations between subjects. Mean thicknesses of the inner table and 

marrow were 1.8 ± 0.7 mm and 4.4 ±1.2 mm for the six healthy subjects. On the other 

hand, the inner table thickness was 1.6 ± 0.2 mm and the marrow thickness was 3.8 ± 0.2
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Fig 3-4 Chemical shift effect for various read-out gradient strengths: (a) and (b) 0.8 mT/m; 

(c) and (d) 1.0 mT/m; (e) and (f) 1.2 mT/m; (g) and (h) 1.5 mT/m; (i) and (j) 2.0 mT/m; (k) 

and (1) 3.1 mT/m.
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Fig 3-4 Chemical shift effect for various read-out gradient strengths (continued): (a) and 

(b) 0.8 mT/m; (c) and (d) 1.0 mT/m; (e) and (f) 1.2 mT/m; (g) and (h) 1.5 mT/m; (i) and (j) 

2.0 mT/m; (k) and (1) 3.1 mT/m.
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Fig 3-5 Apparent scalp thickness (AST) measurement and chemical shift calculation. The 

AST measurement and chemical shift (CS) calculation are plotted against l/G .̂ AST in the 

images with the different gradient strengths is measured in order to analyse the degree of 

the chemical shift. AST is independent of G, for l/G^  ̂0.5 m/mT, ie, G,  ̂ 2 mT/m (ü ^ 21 

kHz). For G, values between 0.5 mAnT and 2 mT/m, AST increases.
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mm for the subject used in the chemical shift measurement. Although the inner table and 

marrow thicknesses were underestimated by 0.2 mm and 0.6 mm in the representative 

subject, the underestimated values were well beyond the variations within the normal 

subjects.

On the other hand, the true position of the scalp border could in principle be determined by 

altering the read gradient direction. In practice, however, the read gradient direction could 

not be altered due to the complexity of modifying the FSE sequence.

Table 3-6 Apparent scalp thickness measurement and chemical shift calculation for different 

gradient strengths (band widths at FOV = 24 cm).

Gr (mT/m) 
[BW (kHz)]

Chemical shift 
(mm)

Apparent scalp 
thickness (mm [pixel]*)

0.8 [7.8] 7.0 10.3 [11]

1.0 [10.4] 5.2 9.4 [10]

1.2 [12.5] 4.4 8.4 [9]

1.5 [15.6] 3.5 8.4 [9]

2.0 [20.8] 2.6 7.5 [8]

3.1 [31.2] 1.7 7.5 [8]

6.1 [62.5] 0.9 7.5 [8]
*1 pixel = 0.94 mm

3.6.2 Distortion due to Movement and the Sequential Block Acquisition

Although the acquisition time of the 2D FSE sequence is less than seven minutes, this would 

be long enough for the subjects to move their position during the acquisition. The scanner 

acquires data as several interleaved blocks of slices. The slices in each imaging block are 

acquired at the same time. For the imaging parameters used in the project, one imaging 

block consists of 34 slices. The number of the imaging block depends on the total number 

of image slices which can cover the entire head of the subject. For example, if the total
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number of slices is 70, the number of imaging blocks is three. If the number of imaging 

blocks is more than one and if the subject moved between the block acquisition, the position 

of image slices in the different imaging blocks would be different. Although this would not 

affect the accuracy of the algorithm to detect the skull contours in the 2D image slices, the 

overall s h ^  of the 3D reconstructed skull is distorted. Reconstructed sagittal slices for the 

subjects are presented in Fig 3-6. The movement artefact is clearly visible in some images. 

(The sagittal images in Fig 3-6 were reconstructed through the centre of the coronal image 

where the anterior and posterior interhemispheric fissures are located.) In particular, the 

appearance of vertical dark lines in the anterior lobe region in S3 (Fig 3-6 c) was a part of 

the anterior interhemispheric fissure in the neighbouring slices which were positioned 

differently due to the movement of the subject. This is evidence of the movement artefact 

during the interleaved acquisition. Further evidence of movement appeared as an uneven 

surface of the scalp, and was seen in several subjects, in particular S3, S4, S5 and S6. All 

of those subjects, except S3, have been scanned with 2 NEX which increased the scan time 

significantly (see Table 3-5). Although increasing NEX improves SNR, this also is more 

susceptible to movement due to increase of the acquisition time.

3.6.3 Partial Volume Effect

The partial volume effect appears severely in anterior and posterior coronal slices because 

the image plane forms an acute angle relative to the skull surface in the slices resulting in 

severe blurring of edges. This can render the detection of skull edges difficult. Therefore, 

the effect of slice thickness on skull thickness measurements has been investigated.

3.6.3.1 Analysis of partial volume effect

To analyse the partial volume effect, MR volumes of the normal brain were simulated. The
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Fig 3-6 Reconstructed sagittal images for the six human subjects: (a) SI; (b) 82; (c) S3; (d) 

S4; (e) S5; and (f) S6. The vertical dark lines in the anterior region in S3 (c) in particular 

was due to the interleaved acquisition and movement of the subject.
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simulated images were obtained using BrainWeb, a simulated brain database on the Internet 

(www.bic.mnLmcgilLca/brainweb). The details of the simulator are described in [Kwan 96]. 

In summary, a set of realistic simulated brain MR image volumes is generated by varying 

specific imaging parameters in an MRI simulator based on a digital phantom. The simulator 

consists of two main modules: signal production and image production. The MR signal 

production was simulated using a so-called Spin Model, which encapsulates the current 

state of tissue magnetisation dynamics and its behaviour under the influence of events 

including RF pulses, gradient fields, or relaxation using the Bloch equations. The image 

production model uses the results of the signal production simulation to generate MR 

volumes. Using a labelled volume of tissue type and voxel position from the phantom, a 

pseudo MR volume is then produced by mapping signal intensities, which are computed 

from the signal production simulation.

For our experiment, proton density weighted axial images with uniform RF intensity and 

without noise were created. Voxel dimensions were isotropic: 1 x 1 x 1  mm .̂ Coronal 

images were then generated from the axial volume data using the save option in ANALYZE 

(Mayo Foundation, USA). Since the voxel dimension was isotropic, no interpolation is 

performed for this process. The slice thickness of the coronal images was 1 mm. To simulate 

the partial volume effect, coronal volume data with 3 mm thick slices were created by 

adding together three contiguous 1 mm-slice at a time. This is based on the assumption that 

the slice profile in the simulator is rectangular. The simulated coronal images with 1 mm and 

3 mm slice thicknesses for anterior, middle and posterior slices are shown in Fig 3-7.

To quantify and analyse the partial volume effect, and in particular the effect on slice 

thickness measurement, the in-plane skull thickness (1ST) was measured using the manual 

in-plane skull thickness measurement (MISTM) method which will be introduced in section 

7.6. In MISTM, it is proposed to measure the 1ST in individual slices by determining the
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edge positions of the skull along intensity profiles from the centre of mass of the brain. 

The skull edge position is found by identifying the position where the indicator is located 

to the nearest position of the skull edge in the image (see Fig 7-l).Three measurements were 

made at three different positions near temporal lobe and superior lobe regions for 

representative anterior, middle and posterior slices.

The results are presented in Fig 3-8. Differences and absolute differences between 

measurements of 1ST in the simulated coronal images with 1 mm and 3 mm slice thicknesses 

for anterior, middle and posterior slices are summarised in Table 3-7.

Table 3-7 Differences between measurements of the in-plane skull thickness (1ST) in the 

simulated coronal images for 1 mm and 3 mm slice thicknesses for anterior, middle and 

posterior slices. Values in parenthesis indicate a percentage difference with respect to 1ST.

Measurement region Anterior (mm) Middle (mm) Posterior (mm)

Left temporal lobe 

Superior Lobe 

Right temporal lobe

-0.23 (-6.5%) 

1.33 (16.4%) 

-0.38 (-7.6%)

0.005 (0.1%) 

0.01 (0.5%) 

0.03 (1.0%)

-0.18 (-2.1%) 

0.72 (7.4%) 

-0.06 (-0.9%)

Mean
±SD

Difference 0.72 ± 0.77 0.05 ± 0.01 0.48 ± 0.40

Absolute Diff 0.65 ± 0.49 
(10.2 ±4.4%)

0.02 ± 0.01 
(0.5 ± 0.3%)

0.32 ± 0.29 
(3.5 ±2.8%)

In anterior and posterior slices, the maximum difference appeared near the superior lobe 

region in the image while that appeared near the light temporal lobe region in the middle 

slice. The biggest difference appeared in the anterior slice while the difference in the middle 

slice is minimal This implies that the partial volume effect in the anterior and posterior slices 

was more severe than that in the middle slice as expected. The mean absolute relative 

differences for anterior, middle and posterior slices are: 10.2%, 0.5% and 3.5%. The 1ST 

in the 3 mm thick slice was underestimated by 0.5% in the middle slice while that was 

mainly overestimated in the anterior and posterior slices.

96



&

# %

Fig 3-7 The simulated coronal images with 1 mm slice thickness for (a) anterior, (c) middle 

and (e) posterior slices, and 3 mm slice thickness for (b) anterior, (d) middle and (f) 

posterior slices.
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Fig 3-8 Measurements of the aperent skull thickness in the simulated coronal images with 

1mm and 3mm slice thicknesses for (a) anterior, (b) middle and (c) posterior slices.
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3.6.4 Magnetic Susceptibility Artefacts

Magnetic susceptibility differences within tissues often cause large shift artefacts in MRI. 

In the head, anatomical structures adjacent to air-soft tissue or air-bone interfaces (e.g., 

frontal and sphenoid sinuses, tenporal lobes) are subject to large susceptibility effects. The 

magnetic susceptibility artefacts is discussed in detail in the following chapter.

3.7 DISCUSSION

3.7.1 Difficulties in Image Acquisition for Skull Detection

The skull surface in the image can be altered by the chemical shift of fat in the scalp and 

bone marrow. Although this shift can be reduced by increasing the frequency encoding 

gradient strength, the maximum strength is limited and set by the scanner. In this project, 

the possible highest strength of the frequency encoding gradient was employed (see section 

3.6.1).

Another common problem in the 2D acquisition was the interference of the partial volume 

effect in the anterior and posterior slices. Although 3D acquisition would solve this problem, 

there are several aspects of 3D acquisition which could be improved upon, including signal 

intensity, acquisition time and the susceptibility artefact. Alternatively, the partial volume 

effect could be reduced by decreasing the slice thickness in 2D acquisition. However, this 

might cause lowering signal intensity and increase acquisition time.

In the 2D sequence, the scanner decides the number of acquisition blocks which are 

interleaved. The number of acquisition blocks depends on the number of slices which can 

cover the entire head of the subject. With the imaging parameters used in the project, one 

acquisition block consists of 34 slices. If the head size is 23 cm, then the data set consists 

of three acquisition blocks which are interleaved. Due to movement of the subject, the 

position of the interleaved acquisition blocks can shift, possibly leading to an error in 3D

99



reconstruction of the skull edges.

3.7.2 Possible Solutions to the Movement Artefact

Preventing movement: Movement of the subject could be prevented to some extent but 

it would not be possible to eliminate all movements during the acquisition.

Reducing acquisition time: A shorter acquisition time would reduce the artefact from the 

subject’s movement. One possible way to reduce the acquisition time would be to increase 

the voxel size, or in other words, decrease the image quality. However, there is no point in 

increasing voxel size unless image data can be acquired with one imaging block with voxel 

size of less than 5 mm. In order to acquire image data with one imaging block, however, 

voxel size needs to be increased about 7 mm at FOV = 24 cm.

Realigning image slices: The third possible solution is post-processing of the data set. The 

uneven surface could be corrected by registering image slices to the neighbouring slices. 

This would be a good method because the image quality would be maintained. However, 

it is necessary to extract image slices and create sub volume data sets depending on the 

acquisition blocks, and then to put them together into one image volume after the 

registration. It would be difficult to register the imaging blocks accurately since they came 

from the different regions of the head. If the number of acquisition blocks were greater than 

two, the operation would become more complex and difficult.

3.8 CONCLUSIONS

Both the simulation and imaging of the 2D SE and 3D GE sequences have CSF, fat and 

muscle with broadly similar image intensity and SNR’s and have succeeded in getting all 

tissues about the same signal (see Tables 3-3 and 3-4). The 2D FSE sequence was selected 

for the project mainly because of clear appearance of edges in the sequence, its relatively
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high SNR and short imaging time. Possible geometric distortions in the image were 

discussed including the chemical shift, movement artefacts and partial volume effect. With 

the higher read gradient strength (3.1 mT/m), the skull edge near the scalp was not affected 

by the chemical shift. Since the images were acquired as interleaved form within the imaging 

blocks, the movement of the subjects could influence the overall shape of the 3D 

reconstructed skulL The partial volume effect in the anterior and posterior slices was more 

severe than that in the middle slice as expected. The in-plane skull thickness in the 3 mm 

thick sUce was underestimated by 0.5% in the middle slice while that was mainly 

overestimated in the anterior and posterior slices.
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Ch a pter  4

G e o m e t r ic  D is t o r t io n  d u e  t o  

M a g n e t ic  Su s c e p t ib il it y  E f f e c t

IN M R I

4.1 INTRODUCTION

Since the cortical bone of the skull can appear as a very thin and dark band between the 

bone marrow and CSF or scalp, two factors are of particular importance in this project: 

spatial resolution and geometric distortion.

If an object is placed in a strong homogeneous static magnetic field, the object becomes 

magnetised and consequently the homogeneous magnetic field is distorted. This field 

perturbation causes geometric and intensity distortions in MRI.

Furthermore, since local magnetic field perturbations cause spin dephasing, which leads 

signal loss, gradient-echo sequences are particularly sensitive to magnetic field 

inhomogeneity resulting in a loss of signal. As a result, the potential time and resolution 

advantages of gradient-echo imaging have to be balanced against this disadvantage. 

Magnetic susceptibility differences within tissues often cause large shift artefacts in SE and 

GE sequences. For exanple, in the head, the anatomical structures adjacent to air-soft tissue 

or air-bone interfaces (e.g., frontal and sphenoid sinuses, tenporal lobes) are subject to large 

susceptibility shifts. Because the magnetic susceptibility effect depends on many factors, 

including the shape of the object, the main field strength, and the direction and strength of
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the gradient, difficulties arise predicting and measuring the effect quantitatively.

The aim of this chapter is to quantify magnetic susceptibility-induced shift near air-tissue 

interfaces for a range of read-out gradient strengths. The shift along the slice selection 

direction is not considered here since the results would not be affected [Luedeke 85].

The structure of the chapter is as follows. In section 4.2, the physics of the magnetic 

susceptibility effect is discussed, including the deûnition of magnetic susceptibility and 

distortions due to magnetic susceptibility effects, including susceptibility-induced shift and 

signal loss. Published works relating to magnetic susceptibility effects are examined in 

section 4.3. In section 4.4, an e^qjerimental procedure for measuring the shifts is discussed. 

The experimental results are presented in section 4.5. Finally, discussion and conclusions 

of the experiment are presented in section 4.6.

4.2 PHYSICS OF THE MAGNETIC SUSCEPTIBILITY EFFECT

4.2.1 Definition of Magnetic Susceptibility

The induced magnetisation M  is proportional to the applied magnetic field

M  = x B q ( 1)

where %is the magnetic susceptibility. Mis in the same direction as the applied field if %> 

0 (paramagnetism), and in the opposite direction if %<0 (diamagnetism).

If an object with magnetic susceptibility %is put in the homogeneous main magnetic field, 

then the internal magnetic field of the object is given by

 ̂ + M = ( \  + x)B^ (2)

Equation (2) shows that the internal magnetic field is less than the ^plied field in 

diamagnetic materials (% < 0) such as water or tissues. In paramagnetic materials (% > 0)
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the internal magnetic field is greater than the applied field. Table 4-1 shows the magnetic 

susceptibility values for some materials provided by [Luedeke 85; Sumanaweera, 92; 

Sumanaweera 93; Bhagwandien 94a].

Table 4-1 Magnetic susceptibility of several substances [Luedeke 85; Sumanaweera, 92; 

Sumanaweera 93; Bhagwandien 94a].

Substance %(ppm) Substance Z(PPm)

Air 0.00 Fat -7 ~ -8

Bone -8 ~ -10 Muscle -9 ~-10

Cortical Bone -8.86 Oxygenated blood -9.31

Deoxygenated blood -7.48 Pyrex (Corning7740) -13.91

Ethanol (C^HgOH) -7.75 Water (H^O) -9.05

4.2.2 Geometric Distortion Due to the Magnetic Susceptibility Effect 

In MRI, geometry distortion occurs in regions where objects have boundaries with different 

magnetic susceptibilities (eg, regions between air and tissue or cortical bone). The geometry 

distortion depends upon the susceptibility value, the object shape and the orientation with 

respect to Bq. For instance, the difference of susceptibility at the tissue/air border is about 

-9.05 ppm and at bone/air boundary, about -8.86 ppm (see Table 4-1).

If a pixel is submitted to a field Bq and has a susceptibility x* then the shift in Larmor 

frequency. A/, is

A/ ■ - «.1 (3)

where y  is magnetogyric ratio. From equation (2),
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A /=

where A%is the susceptibility difference between two adjacent pixels and in this particular 

example A% = The susceptibility shift 4  resulting from the frequency shift A/ is

. I n  A/
=  (5)

where is the applied read-out gradient. Substituting equation (4) in equation (5), the shift 

then becomes

=  (6)

Equation (7) shows that the shift increases as increases and/or G, decreases. It is clear

that magnetic susceptibility distortion will not be significant if 4  is much smaller than the 

pixel size.

The relationship between the bandwidth v, FOV /ov, and the read-out gradient is [Wehrli 

91]:

^ = r  fov (7)

Equation (7) can be rearranged as:

Equation (8) makes it clear that G, can be changed by altering either u or fov. Putting Eq 

(8) into Eq (6), the susceptibility shift can then be rewritten as

à, = ^ X y B o ^  (9)

Equation (9) shows that the susceptibility-induced shift is linearly related to the field of view
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and inversely related to the bandwidth.

4.2.3 Intensity Distortion Due to the Magnetic Susceptibility Effect

The signal from a voxel may be affected by the presence of local susceptibility changes. 

Across a voxel, a variation of field strength (ABq) arises from the local magnetic field 

gradients due to microscopic susceptibility changes.

In a GE sequence, the evident value of the effective transverse relaxation time (Tj*) 

decreases as ABq increases significantly through the relationship [Bhagwandien 94a]:

+ (10)
12 2

The reduction in Tj* alters the SNR and can be written as [Bhagwandien 94a]

S N R ^  (11)

where the constant Sq includes all other contributions independent of Tj*. The last term 

(VTj*) reflects the time interval during which data can be acquired before the signal is 

lost. The term in the exponent (T^Tg") is replaced by (Tg/Tj) for a SB sequence and the 

effects of field variations are removed completely at the time of the echo except that 

short Tj* can still give signal in SE image.

Since an increase of the voxel size in the gradient direction results in increasing ABq, a 

reduction of the image resolution (increasing the voxel size) can amplify the signal loss. In 

addition, water diffusion through a susceptibility gradient gets ina*easingly dephased, 

shortened T ,̂ and signal loss in Tj-weighted image [Constable 93].

4.3 PREVIOUS STUDIES ON MAGNETIC SUSCEPTIBILITY EFFECTS 

Following a quantitative investigation of magnetic susceptibility effects in MRI undertaken
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by [Luedeke 85], many researchers have tackled these problems in a variety of ways. Chu 

et al. (1990) calculated the magnitude of magnetic susceptibility shifts with the correction 

of the local Lorentz cavity configuration [Lorentz 59] for various object shapes, and 

quantified bulk magnetic susceptibility shifts. The reduction of signal intensity due to 

magnetic susceptibility effect was either evaluated qualitatively [Luedeke 85; Wehrli 87; 

Czervionke 88; Frahm 88; Park 88; Young 88; Haacke 89; Xu 90; Cho 92a; Cho 92b; 

Sakurai 92; Ro 92; Elster 93; Ford 93; Weis 94], or quantitatively [Villringer 88; Young 89; 

Rosenthal 90; Majumdar 91b; Bakker 93; Kim 93].

Czervionke et al. (1988) performed experiments on magnetic susceptibility effect using a 

test tube phantom for spin-echo and gradient-echo sequences. Two test tubes were filled 

with saline and immersed in a container filled with saline and gelatine. Two fragments of 

bone were set alongside one of the test tubes. Images were acquired in sagittal and axial 

planes through the test tubes. Spin-echo images were obtained. Although the sagittal image 

plane was en^loyed to detect distortions due to magnetic susceptibility, it was mainly signal 

loss near the interface between bone and saline which was examined in this work, since the 

authors did not recognise the advantages of using the image plane for analysing the artefacts 

due to magnetic susceptibility. There was no attempt to quantify the shift due to magnetic 

susceptibility in this work. The shape distortion of the test tube surrounded by air was 

identified incorrectly as a susceptibility shift. This was due to that the image plane was not 

parallel to the longitudinal plane of the tube. The artefact in the sagittal images appeared as 

a very distorted tube shape due to misalignment of the phantom in the scanner: the top end 

of the tube in the image was much narrower than the middle. In addition, the distortion 

£^peared only on the entry side of the tube surrounded by air along the frequency encoding 

axis. The conclusion was that the signal loss in the region between bone and saline was 

increased with increasing echo delay times.
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Conq^ared with the number of studies into signal loss due to magnetic susceptibility effect, 

the number of reports on magnetic susceptibility shift is small [Luedeke 85; Czervionke 88; 

Chu 90; Tsunida 90; Bakker 92; Elster 93; Sumanaweera 93]. Quantitative analyses of 

magnetic susceptibility shift were performed using cylindrical or spherical phantoms 

[Luedeke 85; Chu 90; Bakker 92; Sumanaweera 93], or anatomical features such as 

pituitary glands, sphenoidal sinus [Elster 93] and the cervical neural foramina [Tsunida 90]. 

On the other hand, magnetic fields were simulated in 2D [Bhagwandien 92; Li 95] or 3D 

[Bhagwandien 94] for cylindrical, spherical and realistic geometries, or 2D for trabecula 

bone and bone marrow configuration [Majumdar 91a; Ford 93; Hwang 94]. Moreover, 

magnetic susceptibility constants were estimated by measuring phase or frequency shifts 

induced by magnetic field deviations [Young 89; Chu 90; Xu 90; Yamada 90; Mosher 91; 

Weisskoff 92; Weis 94], or by evaluating effective transverse relaxation time [Majumdar 

91a].

4.4 QUANTITATIVE ANALYSIS OF MAGNETIC SUSCEPTIBILITY SHIFT: 

PHANTOM STUDY

Study of a simple geometry phantom can provide qualitative and quantitative analysis of 

magnetic susceptibility shift. The qualitative and quantitative results can help to understand 

the susceptibility shift.

4.4.1 Phantom Scanning

For this project to quantify magnetic susceptibility shift near air-tissue interfaces, images 

were acquired by scanning a phantom which consisted of five test tubes partially or totally 

filled with distilled water. For some tubes, the lower part was blocked off to form an air 

compartment beneath the solution in the phantom. These tubes were placed vertically
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parallel in an acrylic plastic holder and immersed in a beaker of water. The air compartment 

of the tube was used in order to detect the magnetic shift for two different boundary 

conditions (water in air and air in water) in the same environment. Three different sizes of 

test tube were used (see Table 4-2). No evidence was found that the material of the test tube 

wall affected the measurement of magnetic shift in these experiments. The long axis of each 

test tube was set approximately vertically in the scanner.

Table 4-2 Dimensions of Test Tube Phantoms: = external diameter, D, = internal

diameter, L = tube length, = tube length in medium, = wall thickness.

Type of Tube D.
(mm)

L
(mm)

î*w
(mm)

Material
[%(ppm)l LJD,

Shot narrow 
tube

10 75 1.0 Pyrex
[%=-13.9]

4.7 
(= 37.5/8)

Long narrow 
tube

10 200 1.0 Pyrex
[%=-13.9]

12.5 
(= 100/8)

Wide tube 16 150 0.5 Soda-lime glass
IZ « -12]

5.0 
(= 75/15)

A Signa 1.5 T scanner (GE Medical Systems, Milwaukee, WI, USA) was used. Phantom 

images were obtained using two 3D gradient-echo sequences:

(1) GRASS (gradient recalled acquisition in the steady state);

TR = 50 ms, TE = 20 ms, a= 30° and

(2) SPGR (spoiled gradient recalled acquisition - an RF spoiled gradient-echo);

TR = 33 ms, TE =11 ms, a -  30°.

The same imaging parameters were prescribed for both sequences, namely: 28 slices, slice 

thickness =1.0 mm, matrix = 256 x 256, FOV = 24.0 cm. The gradient field strength was 

altered from 1.04 to 1.57 mT/m by changing the bandwidth between 10.70 and 16.00 kHz
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in SPGR, and from 0.40 to 1.57 mT/m by varying the bandwidth between 4.17 and 16.00 

kHz in GRASS (see Eq (3) in chapter three).

Axial and sagittal planes were chosen to provide a longitudinal section through the test 

tubes in order to illustrate and measure the shift precisely. This provided to be a more 

accurate measurement of the shift than that in the coronal plane. The read-out gradient 

(G,) was always placed perpendicular to the long axis of the tube; i.e., G, is 

perpendicular (j_) the main magnetic field (Bq) in axial acquisitions and parallel (//) to Eq 

in sagittal acquisitions.

Images were reformatted before measuring the shift using the ANALYZE image analysis 

package (version 7.5.2; Mayo Foundation, Rochester, MN, USA) in order to align the 

central axis of the tubes with the plane of the image. Typical images before and after 

reformatting are shown in Fig 4-1.

4.4.2 Measurement of Magnetic Susceptibility Shift

A slice through the long axis of the test tube in each acquisition was chosen and an edge 

image of the slice created using a Sobel operator. The centre of the test tube could be 

identified by selecting the slice with the maximum tube width. In some data sets, small and 

large tubes were not placed in the same slice, hence different slices were selected for each 

test tube in order to measure the shift. A typical edge image and its profile are shown in Fig 

4-2. The position of each test tube edge was determined by locating the local maxima in the 

profile of the edge image. Measurements were made at the nearest position along the test 

tube to the water surface in the beaker. Since the part of the tube outside water (i.e. water 

in air) was shifted compared to that in water, the magnetic susceptibility shift was 

determined by measuring the difference between the two edges in air and water on the same 

side of the test tube. The measurement for the shift of air in water was excluded in this
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Fig 4-1. Image reformat: Images (a) before and (b) after the image reformat, (a) The long 

axis of the tube was slightly tilted towards the right hand side and the top of the small tubes 

was narrower than the bottom before the reformat, (b) Both the position and width of the 

tubes were corrected after the reformat.
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Fig 4-2 The edge image created by the Sobel operator and its profile: The position of each 

edge of the tube was determined by taking the local maxima in the profile. The arrow 

represents the direction of the read-out gradient. The %-axis represents a position along the 

profile from left to right in the image.
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experiment since the edge of the tube inside water with air was not clear.

4.4.3 Results of the Phantom Study

Typical sagittal and axial images for various gradient-echo sequences, and their 

reconstructed coronal sections, are shown in Fig 4-3. The part of the test tube in air is 

clearly shifted with respect to the part in water. The typical shape distortion in the cross 

sectional view of the cylinder due to the magnetic susceptibility effect is shown in the 

reconstructed slices (See pictures in Figs 4-3 a and b below). Shift due to the magnetic 

susceptibility effect was observed in all slices.

The direction of the experimentally observed shift depends on the inner and outer 

materials and the orientation of with respect to Bq. The shift for water in air is in the 

same direction as G, for both orientations. The shift for air in water is in the opposite 

direction as G, if Ĝ  ± Rq (see right and centre tubes in Fig 4-3 a and the last column in 

Table 4-3) but in the same direction if G, // Eq (see centre tubes in Fig 4-3 b and the last 

column in Table 4-3). In other words, the shift for water in air is in the opposite 

direction to air in water if G, ± Rq (see right and centre tubes in Fig 4-3 a) but in the 

same direction as air in water if G, // Eq (see centre tubes in Fig 4-3 b). This is true even 

if the sign of the gradient direction is altered.

The shift direction is more easily detected in the longitudinal section of the tube, as in this 

experiment, than in the cross-sectional view, as in most of the other experiments. Using the 

air compartment in the tube, the characteristics of magnetic susceptibility shift for two 

different boundary conditions (water in air and air in watef) in the same environment were 

able to be demonstrated clearly in the longitudinal sections of the tubes.

Measurements of magnetic susceptibility shift for water in air in the cylindrical phantom 

for G, J. Eq and Ĝ  // Eq are plotted against gradient strength (1/GJ in Fig 4-4. The
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Fig 4-3 Refonnatted 3D gradient-echo images shown magnetic susceptibility shifts: (a) 

Axial (G, ± slice (top) and its reconstructed cross sectional views (below) in SPGR (G, 

= 1.04 mT/m); (b) Sagittal (G, // 5q) slice (top) and its reconstructed cross sectional view 

(below) in GRASS (G, = 0.42 mT/m).
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Fig 4-4 Measurements of the magnetic susceptibility shift for water in air in the cylindrical 

phantom for ± Bq and G, // Eq are plotted against 1/Ĝ .
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magnitude of the shift increases as 1/G, increases. In all cases, two measurements of the 

shift were made on each side of the tube and the average was taken from the 

measurements of test tubes with two different sizes (a total of four measurements). The 

accuracy of the position measurement for the edges is assumed to be in the order of a 

half pixel (= 0.47 mm) at worst.

4.4.4 Discussion

In this phantom study, the acquisition of 3D image data has several advantages among them; 

(a) reconstructing to allow for collecting two orthogonal image planes (see bottom pictures 

in Figs. 4-3 a and b), and (b) reformatting to provide image planes precisely oriented 

through the long axis of the tube.

In this experiment, the exit edge (positioned on the exit side of the tube with respect to 

Gj) is shifted more slightly than the entry edge (positioned on the entry side of the tube 

with respect to G,) in the image for both G, ± Bq and G, I I Bq. This is observed as a small 

but significant reduction of the width of the tube in water compared to the width 

measured in air. The average (± standard deviation) of the shift difference (or reduction 

of the tube width in water) in the image for G, ± Bq is 0.7 ± 0.4 mm and for Ĝ  // Bq is 

0.9 ± 0.4 mm. To identify possible reasons for the reduction, the beaker width was 

measured. The value measured from the images was 101.3 ± 0.4 mm and this is in close 

agreement with the physical diameter measured by calliper: 101.6 ± 0.7 mm. The 

measurement value of the beaker width indicates that it is unlikely that the source of 

tube-width reduction in water was field distortion due to the magnetic susceptibility 

effect or a shimming problem. Further study of this phenomenon is necessary.

A possible source of error in the measurement may be the fact that the length of the tube 

is not infinite in practice although the theory assumes that the tube is infinite. To remedy this
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problem, a small longer tube was used: If [tube length in medium]/[intemal diameter of 

tube]  ̂4, the tube can be treated as an infinite cylinder [Bhagwandien 92]. A small longer 

tube was used, with this ratio varying between 4.7 and 12.5.

4.5 QUALITATIVE ANALYSIS OF MAGNETIC SUSCEPTIBILITY SHIFT: 

HUMAN SUBJECT

Study of a human subject was carried out in order to demonstrate existence of the 

susceptibility shift in MR head images. To avoid any interference from chemical shift, in this 

experiment, the temporal lobe regions were selected since the skull here is surrounded by 

non-fatty tissue such as brain and muscle. Due to difficulties to quantify the susceptibility 

shift in human data, the result was assessed qualitatively.

4.5.1 Human Subject Scanning

A healthy male volunteer was scanned using the SPGR sequence with the following imaging 

parameters: TR = 33 ms, TE= 11 ms, nr= 30°, 128 slices, slice thickness = 1.0mm, matrix 

= 256 X 256, FOV = 24.0 cm. Images were acquired by reversing the direction of the 

frequency encoding gradient, which is from left to right in the image plane and is 

perpendicular to the main magnetic field. The gradient field strength was 1.6 mT/m.

4.5.2 Results of the Human Subject Study

In Fig 4-5, results of the susceptibility shift in the head image are presented. Two images 

with opposite gradient directions (see Fig 4-5 a and b) were co-registered with respect to 

the brain using MReg [Lemieux 98] (see Fig 4-5 c), then subtracted firom each other (see 

Fig 4-5 d). In the subtracted image, the susceptibility shift appears in the temporal lobe 

regions and superior sagittal sinus as bright and dark areas. The largest shift appeared in the
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Fig 4-5 Susceptibility shift in head images. The images were acquired by altering the 

direction of the read-out gradient in (a) and (b). (c) The registered image of (b) with (a), 

(d) The subtracted image from (a) to (c). The susceptibility shift effect appears in the 

tenporal lobe region. The direction of the gradient field is from left to right in (a) and from 

right to left in (b).
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temporal regions and the amount of the shift is a few mm.

4.5.3 Discussion

If G, // Bq , it is almost impossible to distinguish between the effects of chemical shift (4) 

and susceptibility shift in certain regions in the head, for example, the superior lobe 

region, since both shifts occur simultaneously in these regions. The theoretical shift values 

are: 4  = 3.5 mm and 4, = 1~2 mm (A% = 1~2 ppm between fat and water; see Table 4-1) 

at Gj = 1.5 mT/m with = 1.5 T. To avoid any interference from chemical shift, regions 

with no fatty tissue must be chosen for susceptibility shift experiments. In addition, the 

direction of G, was set to be perpendicular to Bq in order to induce the susceptibility shift 

in the temporal lobe region. Although the scalp, which includes fat, is present in the 

tenporal lobe region, the effect from this is minimal since the scalp is not directly connected 

with the skuU assuming that the susceptibility effect is short range.

Finally, susceptibility shift between the cortical bone and soft tissue should be minimal (0.2 

mm) since the difference of the susceptibility value between them is negligible (0.19 ppm).

4.7 CONCLUSION

Magnetic susceptibility-induced shift near air-tissue interfaces was quantified for a range of 

read-out gradient strengths using the cylindrical phantom. Susceptibility shift in MR head 

image was demonstrated by altering the read gradient directions. Although susceptibility 

shift could occur near various interfaces including air-tissue, fat-tissue, bone-tissue in the 

head, the effect would not interfere with the project to develop the automate method for the 

skull contour detection since the shift would be very short near bone-tissue interfaces (0.2 

mm). In particular, susceptibility shift (1.3 mm) would be less influential than chemical shift 

(3.5 mm) near fat-tissue interfaces in the scalp.
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Ch apter  5

Se g m e n t a t io n  M e t h o d s  

FOR M R  Im a g e s

This chapter reviews the most relevant areas of the field in image processing as applied to 

medical imaging, in particular, MRI. In addition, the theoretical basis for MR segmentation 

methods has been reviewed by [Bezdek 93] and [Clarke 95].

The structure of this chapter is as follows. Introduction of medical image segmentation is 

presented in section 5.1. In section 5.2, concept of thresholding is presented. Edge detection 

methods are discussed in section 5.3. In section 5.4, mathematical morphology is 

introduced. Region growing is discussed in section 5.5. In section 5.6, concept of clustering 

is examined. Active contour model is introduced in section 5.7. In section 5.8, connected 

component analysis is discussed. Finally, a comparison of various segmentation studies in 

MRI is presented as a table in section 5.9.

5.1 INTRODUCTION

In medical imaging, the main goal of image segmentation is to classify an image into 

fragments which correspond to certain tissues or abnormalities for quantitative analysis, or 

the construction of geometrical models of anatomical features for visualisation or other 

applications. However, the segmentation problem is not a trivial task for a computer.
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Operator interactioii is not avoided in most practical implementations, even for such basic 

tasks as segmentation of bone in CT images. Indeed, one of the current challenges in 

medical image processing is to establish automatic [Kennedy 89; Brummer, 93; Arekani 94; 

Margin 94; Sokanian-Zedeh 94; Lin 96; Alfano 97; Freeborough 97; Saeed 97] and three- 

dimensional [Bomans 90; Joliot 93; Collins, 94; Freeborough 97; Saeed 97] techniques for 

segmentation of MRI data. One of the main regions of interest in MRI is the anatomical 

structures in the head, for example grey and white matter [Hyman , 89; Kennedy 89 

Rusinek 91; Joliot 93; Shimony 93], or CSF [Condon 86; Grant 87; Lim 89; Bomans 90 

Raya, 1990; Choi 91; Hillman 91; Cohen 92; Fletcher 93; Joliot 93; Peters 93; Collins 94 

Lemieux 94; l i  94; Nowinski 94; Simmons 94b; Sokanian-Zedeh 94; Windham 94; Kao 96 

Rajapakse 96a; Rajapakse 96b; Alfano 97; Bedell 97; Freeborough 97; Saeed 97 

Vaidybanathat 97].

The segmentation problem for MRI data relates to a large number of factors including 

sequence characteristics, image contrast, resolution, signal-to-noise ratio (SNR), slice 

thickness, magnetic field inhomogeneity, radio fi*equency coü uniformity and the geometric 

complexity of the region of interest.

One of the simplest methods of segmentation is to manually classify anatomical structures 

by extracting features such as edges, landmark points and regions of similar grey level in the 

images [Stimac 88; Lim 89; Galloway 90; Rusinek 91; Barrtzokis 93; Wahlund 93]. 

However, manual contouring of structures is a difficult and time-consuming task. Errors 

arise from low tissue contrast, edge blurring caused by partial volume effects, image 

degradation due to artefacts and noise, slice selection, and poor coordination between eye 

and hand.

A range of computer-based approaches has been proposed to the detection of various 

structures in the head such as thresholding, edge detection, region growing and
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mathematical morphology.

Thresholding is one of the most common segmentation methods for MR head images. 

Thresholding can be applied to segment grey matter (GM), white matter (WM) or CSF 

manually [Lim 89] or automatically [Kapouleas 90b; Singh 94], and to measure the volumes 

of various anatomical features in the head such as GM, WM, CSF [Jemiban 90], multiple 

sclerosis lesions [Pannizzo 91; Wicks 92]. [Kulynych 93] employed a thresholding method 

to detect the cerebral cortex for 3D rendering. Thresholding can also be used as a pre

processing step for registration of MRI and CT data [van Herk 94] or PET [Turkington 95]. 

Thresholding is often applied in combination with other processing methods for 

segmentation. [Levin 89b] used thresholding with edge detection to construct 3D pictures 

of the brain. Methods combining thresholding with edge detection have been used to 

measure feature volumes [Levin 89a; Hanis 91; Peck 92; Windham 93; Harris 94], segment 

several anatomical features automatically [Gerig 91a; Saeed 91], or as a basis to register 

MRI to MRI automatically [Collins 92b] or semi-automatically [Taneja 94].

Thresholding with region growing algorithms can be applied to measure the volumes of the 

hippocampus or anterior temporal lobe [Jack 90a; Jack 90b] or GM, WM, CSF [Hillman

91], or to construct 3D brain images [Cline 87; Schubert 92] for registration with EEG 

scalp electrodes [Jack 90c].

Thresholding can also be used in a preprocessing step for pattern recognition techniques, 

in particular clustering. GM, WM and CSF can be segmented using thresholding and 

clustering [O'Donnel 86; Cohen 92; Kao 94a; Kao 94b; Simmons 94b; Vaidyanathan 96; 

Alfano 97; Bedell 97; Vaidyanathan 97]. Several authors [Kohn 91; Mitchell 94] have 

designed algorithms using thresholding and clustering methods to measure multiple sclerosis 

lesion volumes. Cline et al (1990) segmented brain, CSF and lesions using connectivity to 

create volumetric pictures of the brain. With edge detection [Ardekani 94], texture analysis
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[Schad 93], thresholding-clustering algorithms can segment GM, WM, CSF, arachnoid, fat, 

tumours and muscle.

Early mathematical morphology-based approaches to automatic segmentation of brain 

tumours were reported by [Block 86]. Thresholding with mathematical morphology can be 

an effective segmentation method; allowing the brain to be extracted automatically 

[Brummer 93]. In a similar fashion, [Hohne 92] and [Mangin 95] segmented brain images 

to reconstruct 3D brain pictures. With edge detection and region growing methods, 

threshold-morphology algorithms can contribute to producing 3D brain images semi- 

automatically [Bomans 90; Bomans 91] or automatically [Joliot 93; Freeborough 97]. [Katz

92] segmented brain images using watershed analysis based on mathematical morphology 

algorithms, while [Shimony 93] extracted GM and WM using morphology in conjunction 

with edge detection and clustering methods.

Anatomical features (the brain, GM, WM, CSF and skull) in the head can also be segmented 

by thresholding in conjunction with various combinations of segmentation methods: 3D 

brain images [Huttunen 91] for registering subdural electrodes [Grzeszczuk 92] can be 

produced using thresholding, edge detecting and region growing. Volumes of CSF and 

lesions can be measured by thresholding either with region growing and clustering [Gur 91]. 

Multi-feature classification and clustering with different MRI data sets in the feature space, 

introduced by [Vannier 85], have been widely used to segment GM, WM and CSF [Hu 94; 

Lemieux 94] with statistical analysis systems [Hyman 89] with tissue-characterising MRI 

[Handels 90], or automatically [Vannier 85; Gerig 91b; Fletcher 93; Paley 94; Phillips 95]. 

Metabolic lesions [Collins 92a], GM, WM and CSF [Bonar 93; Jackson 93] in the brain 

were quantified using the clustering method.
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5.2 THRESHOLDING

Grey-level thresholding is a common segmentation technique for processing MR images. 

In this section, the basic concepts of thresholding are reviewed. In addition, the thresholding 

method used in the algorithm for skull detection, first proposed by [Otsu 79], will be 

discussed in detail.

5.2.1 Concepts of Thresholding

Let N  be the number of pixels, (x, y) the spatial coordinates of a digitized image, and G = 

{0, ..., (L-1)} the set of integers representing grey levels. Then a two-dimensional image 

function can be defined as the mapping /  :N  x N  G. f(x, y) is denoted as the grey level 

of a pixel at (x, y). If A: e G is a threshold, then an output thresholded binary image function 

g ( x ,  y )  can be written as

g ( x , y )  =  1 for f{x,y)  ̂ k
=  0  for / ( x , y )  < k  ̂ '

In general, thresholding methods can be divided into point-dependent, region-dependent, 

local, and global thresholding methods [Sahoo 88]. In point-dependent thresholding, the 

value of ̂  is decided from the grey level of each pixel. In region-dependent thresholding, k 

is determined from the local properties in the neighbourhood of each pixel. The local 

thresholding method uses several threshold values for sub-images in a given image. Global 

thresholding methods apply a single threshold value for the entire image.

There exist a large variety of threshold detection methods and the performance of these 

depends largely on image contrast conditions. The Otsu method [Otsu 79], which is a global 

point-dependent thresholding method, was discussed in [Sahoo 88; Lee 90]. Lee et al 

(1990) investigated a comparative performance study of five global thresholding methods 

for image segmentation. A survey of thresholding methods for image segmentation can be
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found in [Haralick 85; Sahoo 88; Pal 93].

5.2.2 The Otsu Thresholding Method

Otsu (1979) suggested an automatic thresholding selection method based on discriminant 

analysis of image histograms. The assunption on which the method is based is that all image 

pixels belong to one of two classes; background or objects. The optimal grey level is 

determined as a threshold by choosing the best separation of the two classes according to 

discriminant criterion, ie. maximizing one of measures of class separability derived from the 

zeroth- and first-order cumulative moments of the histogram. The optimal threshold k* can 

be determined by maximising the between-class variance a^^k):

__
(2)

0)ik)[l - co{k)

where pij is the total mean level of the original image, co(̂ k) and ̂ (k) are the zeroth- and the 

first-order cumulative moments of the grey level histogram up to the kth level, respectively. 

The optimal threshold k* is then:

ciik*) = max (/^ik) n )
l<,k<L

where L represents the maximum grey level of the image. Once k* has been found, a binary 

image is produced by setting those pixels below the threshold to zero and those above to 

non-zero.

One of the purposes of the automatic thresholding method is to eliminate brain contours in 

the edge image so that the internal contour of the skull, which is the contour of brain-CSF 

in the head image, can be determined. A binary mask of the brain can also be obtained after 

thresholding the original grey level image.
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5.3 EDGE DETECTION

In this section, the basic concepts of gradient edge detector are examined and a newly 

developed automatic edge detection method based on the radial profile is presented. The 

automatic radial profile edge detection method was developed exclusively for the skull 

detection algorithm.

5.3.1 Gradient Edge Detector

5.3.1.1 Gradient and edges

Edge detectors are widely used as a local pre-processing method to locate clear changes in 

the intensity function [Levin 89a; Bomans 91; Harris 91; Peck 92; Windham 93; Harris 94]. 

A change of the image function can be characterised by a gradient which is a derivative of 

the image function as defined by [Gonzalez 92; Sonka 93]. An edge is a property of an 

individual pixel and is calculated from the image function performance in the neighbouring 

pixel. The edge is a vector variable with the magnitude and the direction. The edge 

magnitude is the gradient magnitude and the edge direction is perpendicular (-90°) to the 

gradient direction. The gradient direction is the maximum growth of the function.

The magnitude y)l) and direction or angle {d) from the jc-axis to the point (%, y) of 

the gradient of the image function/(jc, y) can be calculated as

|v/w| =

I df(x,y)
dy dx (5)
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1 0 0 1
m, = =

P -1 -1 0

5.3.1.2 Gradient operators

The Robert operator is one of the oldest gradient operators [Sonka 93]. It uses only 2 x 

2 neighbourhood of the current pixel. Its convolution masks are

1-1 oj

Then, the magnitude of the edge can be calculated as

|V/(x,y)| = |/(x,y) “ /(x  +1, y + 1)| + |f(x, y +1) - /(x  +1, y)| (7)

The Roberts operator is highly sensitive to noise because very few pixels are used to 

calculate the gradient.

The Sobel operator uses the first derivative and is approximated in eight possible directions 

for a 3 X 3 convolution mask [Sonka 93]. The gradient direction can be calculated as the 

greatest magnitude among the convolution values. The first three 3 x 3  convolution masks 

are:

1 2 1 0 1 2 -1 0 1

m, = 0 0 0 ^2 = -1 0 1 m3 = -2 0 2

-1 -2 -1 -2 -1 0 -1 0 1

(8)

The Laplace operator (V̂ ) is defined as

(9)

Laplacian is the divergence of the gradient field. The Laplace operator provides a scalar 

quantity derived from the second differential. A3 x 3 convolution mask is often used and 

can be defined for four-neighbourhood and eight-neighbourhood as
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0 1 0 1 1 1
^4 = 1 -4 1 mg = 1 -8 1

p 1 0 1 1 1

(10)

5.3.2 The Automatic Radial Profile Edge Detection (ARPED)

An automatic edge detection method based on the radial profile from the centre of mass of 

the brain (CMB) has been devised to find the initial positions of the skull contours (see 

section 6.3.1 for the brain detection). Knowledge of the head anatomy and morphology is 

used to determine the searching range for edge detection. The edge position is determined 

by choosing the local minimum along the profile within a certain limit which is defined based 

on the head morphology. This method was developed exclusively for the skull detection 

algorithm.

The details of the method are as follows: First, the centre of mass of the brain is calculated 

as a starting point to create a radial profile, from CMB, the radial profiles are created along 

the whole direction (i.e. 360°) with a certain interval. Let ^1 the lower limit and R2 the 

upper limit of the profile at angle ^from CMB, and let f{f) be the image function along the 

profile, then the minimum/(rj can be determined as

/ ( r j  = min /( r )  for f{r) > 0
Rli.rs.R2 ( 11)

where r is the profile position and is the edge (or local minimum) position along the 

profile. The non-zero local minimum along each profile is determined as a desired position 

of the skull edge and the edge position ( jc ,  y) at angle ^can be calculated as

JC = r^cos^ 
y -  r sin# (12)
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The direction of searching the internal skull edge position is from CMB to the outside of the 

head.

Sub-pixel position detection: To improve the accuracy of the above algorithm, it is 

necessary to adjust the edge positions of the skull detected by the algorithm. Although the 

unit of the detected edge positions is pixel, it would be desirable to determine the edge

position with a sub-pixel precision. Basically, the precise position of skull edges can be

calculated from the detected edge position together with information of neighbouring pixels 

along the profile.

The sub-pixel precision coordinates can be calculated using a relationship:

r = b * (a -  b) (13)

where a and b are the pixel position along the radial profile {a < h), A and B are intensity 

values at a and h, and T is the threshold value between a and b.

The sub-pixel precision coordinates (x„ y j of the skull edges can be calculated as

X = Xf. + rcosd
y, = y» * rang

where ^  is the radial profile angle from the horizontal running through the centre of mass 

of the brain, and Xq and yg are the coordinates of CMB.

5.4 MATHEMATICAL MORPHOLOGY

In this section, the basic concepts of mathematical morphology are examined. Opening and 

closing operations, dilation and erosion are introduced. The operations are quoted here 

without proof. For details, see [Haralick 87]. Opening and closing operations have been 

used in the skull detection algorithm.
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5.4.1 Dilation

JîA and are sets in 7V-space (S^  with elements a and 6, respectively a = %) and

JC = (jCj,jCn), then the dilation of by is denoted by A ®X  and is defined by

A ®X = {c e 5^1 c = a +x for some a e A  and x e X}  (15)

The dilation expands the volume and fills holes and indentations that are equal to or smaller 

than the structuring element, which is a small point set. The structuring element a is moved 

systematically across the entire image. The result of the relation between the structuring 

element a and the image X can be either zero or one and is store in the current image pixel. 

For example, i fa=  {(0, 3), (1, 0), (1, 1), (1, 2), (2, 2)} andx = {(0, 0), (1, 0)}, then A © 

X= {(0, 3), (1, 0), (1, 1), (1, 2), (1, 3), (2, 0), (2, 1), (2,2), (3, 2)}.

Dilation is commutative and associative. The dilation operation also increases the original 

size of the image.

5.4.2 Erosion

If A and X  are sets in jV-space (Sf) with elements a and b, then the erosion of ̂  by % is 

denoted by A e X  and is defined by

A q X  = {b E S ^ \ b  + X E A for every X E X} (16)

The erosion reduces the volume and erases sub-volumes smaller than the structuring 

element. For example, ifa  = {(0,1), (0, 3), (1,0), (1,1), (1,2), (1, 3), (2, 1), (2, 2), (3, 1)} 

and JC = {(0, 0), (1, 0)}, then A e X =  {(0,1), (0, 3), (1,1), (1, 2), (2,1)}.

Erosion has several different properties compared to dilation. Erosion is not commutative.
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5.4.3 Opening

The opening of image A by structuring element X  is denoted \yy A ° X  and is defined as

A o X  = {A eX) eX  (17)

Opening erases components smaller than the structuring element and separates thin and 

elongated connections between larger components. It is useful for removing spurious 

connections between objects.

5.4.4 Closing

The closing of image A by structuring element X is denoted by A • X and is defined as

A»X = (AeX)eX  (18)

Closing fills out holes and indentations smaller than the structuring element and connects 

narrow g ^ s  between bridged conponents without modifying the gross shape of the object. 

Opening and closing are idempotent, in other words, the previous result will not be changed 

by iteratively-used opening and closing.

5.4.5 Morphological Operations in the Skull Detection Algorithm

Opening is used to separate the desired region (eg, brain) from the thresholded image before 

the connected conponent analysis (see following section for details). The small holes in the 

binary thresholded image can be filled by combinations of inverting and connecting 

operations. The morphological operation is applied to correct imperfections in the 

thresholding results, as thresholding methods sometimes fail to separate bone marrow and 

scalp, mainly due to the partial volume effect. This gives rise to errors in the connected 

component analysis operation.
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5.5 ACTIVE CONTOUR MODELS (SNAKES)

In many cases of computer vision research, the need arises to determine a surface or a 

contour having optimal properties amongst a large space of functions. For instance, one 

might be interested in finding the smoothest surface which is close to the available data and 

which at the same time preserves the discontinuities in such data. The problem of how to 

represent a set of points which have been determined to lie on an edge is a challenging one. 

[Kass 87] proposed active contour models {snakes), which resulted from the work of 

[Terzopoulos 87] and offer a solution to variety of tasks in image analysis and machine 

vision.

Snakes have the advantage that the final form of a contour can be influenced by feedback 

from a higher level process. The contour is initially placed near an edge under consideration, 

then image forces draw the contour to the edges in the image. The energy terms can be 

adjusted by higher level processes to obtain a local minimum as iterating the algorithm. 

However, snakes are not a perfect method as [Kass 87] mentioned:

Snakes do not try to solve the entire problems o f finding salient image 

contours. They rely on other mechanisms to place them somewhere near the 

desired contour. However, even in cases where satisfactory automatic 

starting mechanism exists, snakes can still be use for semi-automatic image 

interpretation.

Amini et al (1990) pointed out that original snakes are unstable and have a tendency for 

points to bunch up on a strong portion of an edge. The addition of hard constraints has been 

allowed to minimize the energy function for obtaining more desirable [Amini 90], stable, 

flexible and even faster [Williams 92] behaviour of the snakes.

This section follows mainly [Kass 87] and fast algorithm for active contours [Williams 92] 

with a new energy term such as a line energy.
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5.5.1 Energy Minimization for Active Contours

The user or some other process places an active contour near an image structure of interest 

by specifying ^proximate shape. The constraint forces that act on the active contour then 

push or pull the contour towards features of the image structure. The contour locks on to 

features of an image structure by minimizing internal and external measures which represent 

the total energy of the snake.

The forces acting on an active contour depend on where the contour is placed and how its 

shf^e changes locally under the influence of internal and external forces. The internal forces 

control a smoothness and shape of the contour itself. The external forces guide the active 

contour in relation to image features.

The position of a snake is parametrically deAned as [Kass 87]

v ( 5 )  =  y  ( 5) }  ( 1 9 )

where x(^), y(s) are x, y coordinates along the contour and s is the arc length of the contour 

and 0 ^ s ^ 1. Usually, v(s) is approximated as a spline to ensure desirable properties of 

continuity.

The energy to be minimized can be written as [Kass 97]

E ;  = r E / v ( s ) ) d s  Jo (20)

sngwhere £ 5̂  represents the internal energy of the spline (bending and continuity), Ej, 

represents the force derived from the image which constrain the curve to take the shape 

of features presented in the image, and represents the external constraint energy. 

The internal spline energy can be written as [Kass 87]
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dv + P{s) d^v 2
(21)

ds ds^

where c^s), /X̂ s) specify the continuity ( E ^  and smoothness ( E ^ )  of the contour. If there 

is a gap in the curve, the first-order term will have larger values. If the curve is bending 

rapidly, the second-order term will have larger values. The values of a  and /? at a point 

determine the extent to which the contour is allowed to stretch or bend at that point. The 

relative sizes of a  and P can be chosen to control the influence of the corresponding 

constraints. If nr = 0 at a point, a discontinuity can occur at that point, while if /? = 0 at a 

point, a comer can develop.

The second term of the snake energy integral of Eq (20) is derived from the image data over 

which the active contour lies. The image energy is a linear combination of three terms all 

derived from the image and can be written as

^ im g  ~  ^ lin e ^ I in e  ^ e d g e ^ e d g e  ^ te rm ^ te rm  ( 22)

The line energy sinply attracts the contour to lower or higher intensity values in the image 

depending on the sign of/iji„ with

= / k y )  (23)

where / ( jc ,  y) is the image intensity (or grey value) at ( x ,  y) in the image.

The edge energy can be calculated as

g .,,. = -|V /(^,y)p (24)

thus attracting the contour to towards or away from image points with high gradient values, 

is the curvature of the level contours in a Gaussian smoothed image, attracting the
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contour towards or away from line terminations.

The third term of Eq (20) is derived from external constraints which attracts points on the 

contour toward or away from particular features in the image. The constraint energy can be 

written as [Amini 90]

(25)

where and Xj represent such points on the contour and in the image respectively, and k 

is the spring constant.

5.5.2 Fast Algorithm for Active Contours

The energy being minimized by the fast algorithm can be given as

E = (26)

The first and second terms of Eq (26) are the first-order and second-order continuity 

constraints or internal energies for continuity and smoothness of the contour. The rest are 

image energy terms: the third term is same as the line energy, the fourth term represents 

gradient values of the image. No term for external constraint was included. The parameters 

cĉ P^Y and ô ( / ï ' s  replaced by y  and Ô) are used as weighting factors to balance the relative 

influence of the four terms. Their relative sizes are more significant rather than absolute 

sizes. Only closed contours without comers are being considered.

The fast algorithm is iterative. During each iteration, eight surrounded neighbour pixels of 

each point on the contour is examined and the point in the neighbourhood giving the 

minimum value of the total energy is chosen as the new location of the point.

The first term of Eq (26) is the continuity of the contour and is approximated as follows 

[Williams 92]
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cont ds
(27)

where I  represents the number of points on the contour. This term causes the contour to 

shrink during the iteration as it minimizes the distance between points. The value of this 

energy term is normalised by dividing by the largest value in the neighbourhood to which 

the point may move and is in interval [0,1].

The second term of Eq (26) is the curvature of the contour and can be approximated as 

follows [Williams 92]

' smth

d  V.

ds
= In-I -  ''/I -  h i -  v,.,| = |v,._, -  2v, + v,,ip (28)

= h i-i *  h i-i -  2yi + J i.if

This term causes the contour to be smooth and like the continuity term, is normalised by the 

largest value among the neighbourhood.

The third term of Eq (26) represents the line energy of the image, which is the grey level of 

image pixels. It is necessary to distinguish the thin gap of the grey value since the region of 

interest (brain-CSF-skuH or sca^-muscle-skull) does not always have big difference of pixel 

levels. Thus the line energy can be normalised as follows [Williams 92]

(̂ min ~ ()
- / )'  max m in/

f ( U - ^ )  -  I]
(29)

where / is the pixel value of the point and and are the maximum and the minimum 

pixel values in the neighbourhood. This line energy term is negative so that points with 

large grey level will have small values, in other words, this term makes the snake go to the

135



point with the largest value among the neighbourhood (for y> 0). For the case of - 

m̂ki) < the term is changed to prevent large differences in the value of in the image 

where the grey level is nearly uniform. The value of R represents a range of the pixel (or 

gradient) magnitude in which a significant difference exists. R can be set according to the 

purpose and [Williams 92] chose /? as 5 without explanation for their purpose.

The fourth term of Eq (26) is the same as the edge energy in Eq (20) and represents the 

gradient value of the image as Eq (24). The form of this term is calculated in the same way 

as the line energy term mentioned above with all the values in Eq (29) wül be replaced by 

the gradient values. This term moves the snake to the point with the largest value in the 

neighbourhood.

The algorithm for the snake is now ready and all of weighting factors have reasonable 

meaning in terms of the relative weighting value. For example, if nr= 0, /?= 2, y = -1 and 

finally J  = -1 are chosen, it can be easily seen that the internal curvature energy iP) can 

contribute more to find the local minimum energy. The relevant energy term of the snake 

can be chosen before applying it and the result of the active contours are predictable.

5.6 REGION GROWING

The basic idea of region growing is to divide an image into areas of maximum homogeneity. 

A region is a set of pixels in which there is a path between any pair of its pixels, all of whose 

pixels also belong to the set [Sonka 93]. Region growing techniques are generally better in 

noisy images where edges are extremely difScult to detect. An important property of regions 

is homogeneity as it is used as the main segmentation criterion.

5.6.1 Region Merging

Region merging uses the following two heuristics [Sonka 93]:
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(1) Two adjacent regions are merged if a significant part of their common boundary consists 

of weak edges. (2)Two adjacent regions are also merged if a significant part of their 

common boundary consists of weak edges, but in this case not considering the total length 

of the region borders. Of the two given heuristics, the first is more general and the second 

cannot be used alone since the influence of different region sizes is not considered.

Edge significance can be estimated using the following condition [Sonka 93]:

= (30)
= 1 Otherwise

where gg = 0 indicates a weak edge, gg = 1 a significant edge, T is a preset threshold and Vg 

= !/(%;) I, where/(%;) an d /^ ) are the pixel values at Xj and Xy

5.6.2 Region Splitting

Region splitting is the opposite of region merging. Region splitting starts from the whole 

image represented as a single region. Region merging and region splitting are not dual since 

region splitting does not result in the same segmentation as region merging even if the same 

homogeneity criteria are applied for both processes. Region splitting methods generally 

enploy similar criteria of homogeneity as region growing methods. The only difference is 

the direction of their application.

5.7 CLUSTERING

In clustering, the set of processed patterns is divided into subsets (clusters) based on the 

mutual similarity of subset elements. Objects which are comparable according to the 

selected object description and similarity criteria reside in the same cluster.

There are two main clustering methods: hierarchial and non-hierarchial [Sonka 93]. In 

hierarchial methods, a clustering tree is constructed. The set of clusters is divided into the
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two most dissimilar subsets. Each subset is divided into other different subset, and so on. 

In non-hierarchial methods, each subset is sequentially assigned to one cluster.

The basic operation of clustering is as follows. Each pixel is examined individually and 

assigned to the cluster that best represents the value of its characteristic vector. This is 

assigned according to the selected object description and similarity criteria.

A popular and simple non-hierarchial clustering method is as follows [Sonka 93]:

[1] The number of clusters is defined.

[2] The starting cluster centres are initialised. These points can be selected at random from 

the clustered set of patterns.

[3] Patterns are assigned to one of the existing clusters according to their distance from the 

cluster centres and the closest is chosen.

[4] New cluster centres are computed by calculating the centre of mass of the clusters.

[5] Old and new cluster centres are conpared. If the comparison result is close enough, the 

algorithm is terminated; otherwise the procedure is repeated from step 3.

The ISODATA method represents a set of non-hierarchial clustering methods [Sonka 93]. 

In ISODATA, the image pixels are divided into a given number of clusters and the sum of 

the mean square deviations of the pixels from the cluster centres is minimised.

5.8 CONNECTED COMPONENT ANALYSIS (CCA)

Connected component analysis is used to label and identify spatially separated regions. In 

the skull detection algorithm, the analysis consists of three main operations: (1) components 

connection, (2) labelling the connected conponents, and (3) selecting the largest component 

as a desired region of interest. A connection algorithm starts with the search for non-zero 

pixel point in the image. The algorithm connects all the pixels until no pixel is added to the 

connected coirçonent. Then each connected component is labelled and counted. Finally, the
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largest connected conponent is chosen as the desired object of interest. This procedure can 

be enployed to separate and select the head binary mask for internal skull contour detection 

and the scalp-muscle binary mask for external skull contour detection.

5.10 COMPARISON OF VARIOUS SEGMENTATION STUDIES IN MRI 

Table 5-1 shows a survey of image segmentation for medical head images. One of the 

purposes of the survey was to understand the trend of segmentation in MRI in order to 

determine an appropriate method for the skull detection. The survey consists of several 

categories such as segmentation methods with interactions, regions of interest, and 

segmentation purposes. For interactions of segmentation, three sub-groups are classified 

according to the degree of automation i.e., automatic (AU), semi-automatic (SA) and 

manual (MA). The segmentation methods in the table are divided into eight sub-categories: 

thresholding (T), edge detection (E), region growing (R), clustering (C), neural network 

(N), mathematical morphology (M), snakes (S), manual drawing and other methods (O). 

Sub-classes of segmentation purpose are segmentation for its own sake (SEG), volume 

measurement (VOL), registration (REG) and three-dimensional rendering (REN). The 

regions of interest are grey matter (GM), white matter (WM), cerebrospinal fluid (CSF), 

hippocampus (HC), anterior temporal lobe (ATL), and multiple sclerosis lesion (MS).
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Table 5-1 Comparison of various studies on image segmentation of brain and head in MRI. 

(Details of abbreviations used in the table are summarised at the end of the table).

Author Method ROI Notes

Agartz 92 SA C Brain, CSF VOL

Alfano97 AU C GM, WM, CSF VOL

Arata95 SA 0 WM, CSF, Ventricle VOL: Model-based

Ardekani 94 AU T+E+C CSF, Arachnoid SEG

Ashton 95 SA T+E+S Hippocampus REN, VOL

Bartzokis 93 MA D WM, HC, Ventricle VOL: in vivo

BedeU97 SA C GM, WM, CSF VOL

Bhide94 SA N Brain, CSF SEG

Bloch 86 AU M Tumor SEG: Gd-DPTA injected

Bomans 90 SA T+E+M Brain, Bone REN

Bomans 91 SA T+E+R
+M

Brain, Bone, Skin, 
Ventricle

REN

Bonar 93 SA C GM,WM, CSF VOL

Brown 93 SA S+E+R+
T

GM,WM, CSF SEG: VOL

Brummef 91 AU T+M Brain SEG

Brummer 93 AU T+M Brain SEG

Choi 91 — 0 GM,WM, CSF, 
Tumor

Statistical model for 
mixture of multiple classes 
in a voxel

Clarke 93 SA T+C+N GM,WM, CSF, 
Fat, Muscle

SEG: 4 methods compared

Cline 90 SA T+C Brain, CSF, Lesion REN:
Probability+Connectivity

Cline 87 SA T+R Brain REN

Cohen 92 SA T+C GM, WM, CSF SEG: Discriminant 
function analysis

Collins 92a SA C Brain VOL: Quantification of 
metabolic lesion

Collins 92b AU T+E Brain REG: MRI

Collins 94 AU E Brain REG: MRI in Sereotatic 
space
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Author Method ROI Notes

Condon 86 MA D CSF VOL

Dellepiane 91 AU R+E Brain, Bone, GM, 
Ventricle, Skin

SEG: Recognition

Ehricke91 AU E+R Brain, Head SEG: Rule-based system

Fletcher 93 AU C GM,WM, CSF, 
Muscle, Skin

SEG: Histogram clustering 
with Tl, T2, PD images

Freeborough 97 AU T+R+M Brain, Hippocampus VOL

Gabrielides 91 SA T+E Brain SEG

Galloway 90 MA D Gliomas of Dog VOL: Contrast agent

Gerig91a AU C GM,WM, CSF, 
Bone, Tumor

SEG

Gerig 91b AU C GM, WM, CSF SEG

Gibbs 96 SA M+R Tumour VOL

Grzeszczuk 92 SA T+E+R Brain REG: Subdural electrodes

Gur 91 SA T+R+C CSF, Brain VOL

Handels 90 SA C Brain SEG: Tissue- 
characterising MRI

Harris 91 SA T+E Phantom (CSF,Brain) VOL

Harris 94 SA T+E GM, WM, CSF VOL

Hillman 91 SA T+R GM,WM, CSF VOL

Hohne 92 SA T+M Brain, Skull REN: MRI, CT

Hu 91 SA R Head, Neck REN: Angiography

Hu 94 — C GM,WM, CSF, 
Muscle, Bone

SEG

Huttunen 91 SA E+R+T Brain, Tumor, Skin REN: Statistical analysis

Hyman 89 SA C GM,WM SEG: Statistical analysis 
sytem - estimated MRI 
parameters

Jack 90a SA T+R HC VOL

Jack 90b SA T+R HC,ATL VOL

Jack 90c SA T+R Brain REN: EEG scalp electrode

Jackson 91 SA C GM,CSF,MS Lesion VOL

Jemigan 90 SA T GM, WM, CSF VOL

Joliot 93 AU T+R+M GM,WM REN
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Author Method ROI Notes

Kao 96 SA 0 GM.WM, CSF SEG: Vector 
decomposition & 
probability technique

Kao 94a SA T+C GM, WM, CSF, Fat SEG

Kao 94b SA T+C GM, WM, CSF, Fat SEG

Kapuoleas 90 AU T WM lesion SEG: Geometric modelling

Kapuoleas 91 — T+E Brain, Head REG: PET

Katz 92 AU R+E+M Brain, Head SEG: Watershed analysis

Kennedy 89 AU E GM, WM VOL

K0hn91 SA C+T Brain, CSF VOL

Kulynych 93 SA T Cerebral cotex REN

Lemieux94d SA C GM,WM, CSF,Skull SEG

Levin 89a SA T+E Brain VOL

Levin 89b SA T+E Brain REN

Li 93 SA T+C GM, WM, CSF SEG: Knowledge based

U94 AU 0 Brain, CSF SEG: Statistical approach

Lim 89 MA T GM, WM, CSF SEG

Lin 96 AU N+C Brain SEG

Losseff 96 SE T+M Brain VOL: Cerebral atrophy

Mangin 94 AU T+M GM, CSF 3D Homotopic 
deformation

Miranda 94 — E Brain SEG: Recursive filtering

Mitchell 94 SA T+C GM, WM, CSF, MS VOL: MS volume

Nowinski 94 AU R Brain REN

O'Donnel 86 SA T+C Brain, Frontal lobe SEG

Oghabian 91 MA T+E Skin REG: MRI, PET, SPECT

Paley 94 AU C GM,WM, CSF SEG

Pannizzo 91 SA T Brain, MS VOL

Peck 92 SA T+E Phantom VOL: Eigenimage filter

Pelizzari 89 AU E Head REG: CT, PET

Pfefferbaum 92 SA 0 GM, WM, CSF VOL: Volume-loss
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Author Method ROI Notes

Phillips 95 AU C Brain, Tumour SEG: Fuzzy C-Means 
method

Piraino 91 SA N GM, WM, CSF SEG

Raff 92 AU T+N Lesion VOL: Lesion quantitation

Rajapakse 96a SA 0 GM,WM, CSF SEG: Data fusion

Rajapakse 96b SA 0+R GM, WM, CSF SEG: Probabilistic model

Raman 91 AU E Head SEG

Raya 90 AU 0 CSF, Lesions SEG: Rule-based system

Rusinek 93 MA D GM, Brain VOL: Volume-loss

Saeed 91 AU T+E Brain, Head SEG

Saeed97 AU EfR Brain SEG

Schad93 AU C+T+0 GM, WM, CSF, 
Tumor, Edema

SEG: Texture analysis

Schubert 92 SA T+R Brain, Head REN: Atlass - MRI, CT

Shimony 93 SA M+E+C GM,WM SEG

Simmons 94 AU T+C GM, WM, CSF, 
Fat, Muscle

SEG

Singh 94 SA T GM, Veins SEG:fMRI

Sipila92 SA E+R Brain SEG

Soltanian-Zadeh 94 AU E Head SEG: Pyramid of the edge

Stimac 88 MA D Brain, Skull, Face REN: Cr+MRI

Taneja 94 SA T+E Brain REG: MRI

Tanna 91 AU T+E CSF, Brain VOL

Turkington 95 SA T Brain REG: PET

van Herk 94 AU T Brain, SkuU, Skin REG: CT

Vannier 85 AU C Bone, Maixow, CSF, 
Skin, Muscle, Fat

SEG: Satellite imaging 
system 1st Pattern 
recognition in MRI

Vaidyanathan 95 SA C Brain tumour VOL

Vaidyanathan 97 SA C GM,WM, CSF VOL

Wahlund 93 MA — CSF VOL

Wicks 92 SA T MS VOL

Windham 93 AU T+E GM, WM, CSF VOL: Eigenimage filter
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Author Method ROI Notes

Yoo95 SA T+M Brain, Skull, 
Scalp, Muscle

SEG

Yoo97 AU T+M Brain, Skull, 
Scalp, Muscle

SEG

ABBREVIATIONS
1. Interaction

AU: Automatic SA: Semi-automatic MA: Manual -: Not mentioned

2. Segmentation Method
T: Thresholding E: Edge detection R: Region growing
C: Clustering N: Neural network M: Mathematical morphology
S: Snakes O: Other methods D: Manual drawing

3. ROI (Region of interest)
GM: Grey matter WM: White matter
HC: Hippocampus

CSF: Cerebrospinal fluid 
ATL: Anterior temporal lobe MS: Multiple sclerosis lesion

4. Category in Notes 
SEG: Segmentation 
REN: BDRendering

VOL: Volume measurement REG: Registration
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C h a p t e r  6

A u t o m a t e d  M e t h o d  f o r  

Sk u l l  D e t e c t io n  in  M RI: eA ^ ull

6.1 INTRODUCTION

A new automatic method for detecting skull contours in MRI is developed. Details of skull 

contours can expand the visualisation capability of MRI, which can provide excellent 

contrast of soft tissues but very little information about bone, which conversely can be seen 

clearly in CT images. Since it is not possible to distinguish the basal section of the skull from 

air in sinuses in MR images, the algorithm is developed to detect internal and external 

contours of the cranial vault including ten^oral bone. It should be noted that the skull in this 

thesis means the cranial vault and this does not include the basal sections of the skull.

The structure of this chapter is as follows. In section 6.2, early attempts for detecting skull 

contours are discussed. In section 6.3, a new fully automated method of skull contour 

detection is presented with every step of the algorithm explained in detail. In section 6.4, 

the visual assessment of results from eXfTull is presented. Finally, a discussion is presented 

in section 6.5. The quantitative validation of the results is discussed in the following chapter.

6.2 EARLY ATTEMPTS AT SKULL SEGMENTATION

At the very early stage of the project, the anatomy and morphology of MR head images 

were carefully studied. The shape of edges near the skull and the geometry of the
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surrounding tissues connected to the skull in the image were also examined. The important 

discovery was that the skull is surrounded by various types of tissues in different regions of 

the head. For example, in the superior lobe region, the skuU was surrounded by the scalp 

as an external layer, and CSF and the superior sagittal sinus as an internal layer. On the 

other hand, in the parietal lobe region, the skull was connected with the scalp for the 

external part, and with CSF and the brain for the internal part while bone marrow appeared 

in between them inside the skull like an island. In temporal lobe region, however, the skull 

was combined with muscle for the external part, and with CSF for the internal part. This 

made it difficult to employ a particular segmentation method for detection of the entire 

skuU.

Several processing methods were therefore applied for detecting skuU contours, including 

manual thresholding, and edge tracking. Since the environments surrounding the skull were 

complex, none of the single method produced satisfactory results.

At the next stage, the morphology of the skull was taken into account. Since the cranium 

has a roughly circular shape, a radial approach was considered [Lim 89; Zijdenbos 94]. A 

simple edge detection method based on the linear gradient operator along the radial path 

from the centre of mass of the image (not the brain) was applied for detecting skull edges. 

For the internal skull contour, the linear edge detector searched the skull edge from the 

centre of mass of the image towards outside the head, while it searched the skull edge from 

outside towards the centre of mass of the image for the external skull contour. The 

thresholding level was determined manually. This method was not successful since the 

global thresholding level was not adjusted for the entire radial paths which covered different 

regions in the head. One cause of failure was the strong edges near the lateral ventricle and 

near the border between grey matter and white matter for the internal skull contour 

detection. For the external skull contour detection, on the other hand, muscle in the
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temporal lobe region caused problems.

The starting position for searching the internal skull edge was shifted to overcome the 

strong edges inside the brain. Despite all the efforts, more developments were necessary. 

The active contour model, or snake [Kass 87; Williams 92], was considered as an attempt 

to detect skull contours in adjacent image slices (propagation of contours from the initial 

middle slice). The middle slice would be an ideal candidate for detecting the skull contours 

with a great accuracy since it is virtually free from the partial volume effect (see Figs 6-3 

to 6-5). In fact, since the slice thickness is relatively thin (3 mm), similar morphology 

spears in the adjoining slices. Using the skull contour in the middle slice, the skull contours 

in the neighbouring slices could be detected by the active contour model. Although the idea 

was attractive, several problems were encountered: first, since the skull appears as a very 

thin layer (about 1-3 pixels thick), the snake often missed the anatomically correct skull 

positions; second, since the active contour model depends on interaction with an operator 

and interaction with some higher level image understanding process [Kass 87; Amini 90; 

Williams 92; Sonka 93], the snake cannot be an automatic process [Kass 87; Williams 92] 

which, on the other hand, is the main task in this project; finally, to achieve the desired 

accurate solution, the snake must be put in a good initial configuration, ie, the accurate 

initial skull contours are necessary [Kass 87; Williams 92].

A significant breakthrough came afrer adopting mathematical morphology with an automatic 

thresholding method [Brummer 93; Ardekani 94]. A semi-automatic method for the skull 

detection was developed combining the automatic thresholding method based on the image 

histogram and morphological opening and closing operations [Yoo 95]. The semi-automatic 

method was as follows: [1] Automatic thresholding based on variance optimisation in 

histogram [Otsu 79] was used to generate an initial binary image with separate components, 

which were considered as candidates for labelling as the regions of interest on each iteration.
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[2] Morphological processing was used to correct imperfections in the thresholding results.

[3] The largest conponent was chosen as the desired region of the image on each iteration.

[4] Resulting binary image was masked to original grey image in order to use as an input 

image to next iteration. The first iteration was used to generate a head mask (with inverted 

thresholded image); the second iteration was used to detect the brain-CSF (as internal skull) 

contour; finally, the third iteration was used to detect the scalp-muscle (as external skull) 

contour.

Several improvements were added into the semi-automatic method. Based on the semi

automatic method, a new fully automatic method for the skull contour detection in MRI has 

been developed.

6.3 AUTOMATED METHOD FOR SKULL DETECTION IN MRI: eXKuW 

The automated method for skull detection in MRI (eXA'ull) combines a histogram-based 

thresholding method and a shape-based radial profile edge detection method with sequences 

of connected component analysis and morphological operations to produce an automatic 

procedure for the detection of brain-CSF (as internal skull) and scalp-muscle (as external 

skull) contours. eX/Tull has been developed using C-language and has been integrated into 

a window-based image analysis package running under Unix on a SUN SPARCstation 20 

(Sun Microsoft). eXA'uU is applied on a slice-by slice basis, although some operations are 

3D.

eX/full consists of three main parts; [1] Brain detection; [2] Internal skull contour detection;

[3] External skull contour detection. For the brain detection, the background noise was 

removed by thresholding, which is one of the most common segmentation methods for MR 

head images and applied at the initial step of segmentation (see section 5.1 and Table 5-1). 

An edge image was created for removing undesired regions with the higher grey level such
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as ventricles and grey matter and white matter inside the brain. Furthermore, thresholding 

with edge detection and/or mathematical morphology can be an effective method to extract 

brain [Brummer 93; Losseff 96; Freeborough 97]. The connected component analysis was 

employed to separate the brain and scalp-muscle from remaining components in binary 

images. The automatic radial profile edge detection method, as described in section 5.3.2, 

based on the radial/horizontal profile from CMB was used to And the initial positions of the 

internal and external skull edges. Prior knowledge of the head anatomy and morphology, 

including scalp thickness and location of sagittal sinus, was used for edge detection. Finally, 

sub-pixel precision coordinates of the internal and external skull edges were calculated using 

the relationships given in section 5.3.3.

Each step of the three main parts in eX/Tull is discussed in detail in following sections. A 

flow chart of eX/Cull is presented in Fig 6-1. Representative images illustrating the several 

steps of eXTTull are presented in Fig 6-2.

Note: [2D] and [3D] indicate the dimensionality of the operation.

6.3.1 Brain Detection

[1] An edge image is created using a Sobel operator. Four (vertical, horizontal and two 

diagonal) 3 x 3  convolution masks are used to produce the edge image (Fig 6-2 b). The 

gradient values were normalised in the range of 0 - 255. The gradient-edge image provides 

an edge image in which undesired regions with the higher grey level, such as ventricles and 

grey matter and white matter inside the brain, can be excluded. [2D]

[2] The original image and the edge image are thresholded by an automatic thresholding 

method based on a histogram of the image and variance optimization [Otsu 79] (see section 

5.2.2) (Fig 6-2 c and d). [2D]
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Fig 6-1 Diagram of the skull detection algorithm.
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Fig 6-2 Procedure to detect skull contours: (a) Original grey level image; (b) Edge image 

using Sobel operator; (c) Thresholded binary image of (a); (d) Thresholded binary image 

of (b); (e) Cut-ofiF binary image after morphological closing of (c); (f) Cut-off binary image 

after morphological closing of (d).
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Fig 6-2 Procedure to detect skull contours (continued) (see details in section 6.3).
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[3] The bottom part of the head is cut off in the binary images. The cut-off position is 

calculated based on the morphology of the subject. A quarter of the head length was chosen 

as a cut-off value. [2D]

[4] Morphological closing with a large circular structuring element (diameter = 15 pixels) 

is applied to the thresholded image (Fig 6-2 c) to create a binary head mask. The 

thresholded edge image (Fig 6-2 d) is closed with a small circular structuring element 

(diameter = 2 pixels) in order to join the brain edges [2D]. The head and edge binary masks 

are created finally by the 2D connected component analysis (CCA) (see section 5.8) (Fig 

6-2 e and f). [2D]

[5] The resulting binary head mask is subtracted from the binary edge mask (Fig 6-2 g).

[6] Morphological opening with a circular structuring element (diameter = 7 pixels) is 

applied to separate the brain from other components in the image (Fig 6-2 h). [2D]

[7] A 3D binary brain mask is generated by 2.5D CCA combining 2D and 3D CCA (Fig 6-2 

i). The process of the 2.5D CCA is as follows. The original image volume was divided into 

two sub image volumes evenly. In each sub image volume, the brain was detected using 2D 

CCA and the mean brain volume was calculated. A slice with the brain volume which was 

the nearest to the mean brain volume was selected as a boundary slice in each sub image 

volume. The 3D CCA was applied for slices from the anterior slice to one boundary slice 

and firom the posterior slice to another boundary slice while the 2D CCA was applied for 

slices in the middle of two boundary slices. [2.5D]

[8] Morphological closing with a circular structuring element (diameter = 7 pixels) is applied 

to fill the gaps in the image (Fig 6-2 j). [2D]

[9] The centre of mass of the brain (CMB) is calculated for the starting position of the radial 

profile using the brain binary mask.

The bain mask is used for the internal skull contour detection.
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6.3.2 Internal Skull Contour Detection

[10] A binary image without the brain is created by subtracting the binary brain mask from 

step 8 (section 6.3.1) from the binary head mask from step 4 (section 6.3.1) for internal 

skull contour detection (Fig 6-2 k). [2D]

[11] The base of the temporal lobe of the brain is detected by searching the non-zero pixel 

from CMB and is used as a cut-off boundary (Fig 6-21). [2D]

[12] The binary (brain-less) mask for the internal skull contours is created by 2D CCA (Fig 

6-2 m). [2D]

[13] The automatic radial profile edge detection (ARPED) method, as described in section

5.3.2 in previous chapter, based on the radial/horizontal profile from CMB is used to find 

the initial positions of the internal skull contours. Prior knowledge of the head anatomy and 

morphology, including scalp thickness and location of sagittal sinus, is used to determine 

the searching range for edge detection. The edge position is determined by choosing the 

local minimum along the profile within a certain range which is determined on the basis of 

the head morphology. The direction of searching the internal skull edge position is from 

CMB to the outside of the head. [2D]

[14] In the region of the superior sagittal sinus, the thickness of the binary internal skull 

mask along the radial profile from CMB is used to determine the positions of the internal 

skull contours. Since a strong edge exists in the region of the superior sagittal sinus, 

additional information is necessary. Due to the morphology of the human head, the 

thickness of the skull and scalp near the superior sagittal sinus is homogeneous and the 

thickness change gradual Therefore, the thickness of the binary mask at the previous profile 

angle can be used as prior knowledge. The thickness along the radial profile is calculated 

using the initial edge position as determined by the radial edge detection. The internal skull 

contour positions in the region of the superior sagittal sinus are determined by comparing
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the thickness along the profile at ^with that 2X{d-n)  where ^is the profile angle (0 < ^ 

^2n)  and n is the angle interval (1,2, -, n) (Fig 6-2 n). [2D]

6.3.3 External Skull Contour Detection

[15] A brainless grey level image of scalp, muscle and bone marrow is produced by masking 

the binary image in step 14 (section 6.3.2) onto the original image as an input image to 

detect the external skull (scalp-muscle) contour. [2D]

[16] External skull edge positions are detected using the same automatic radial profile edge 

detection method used in step 13 (Fig 6-2 o) [2D]. The direction of searching the external 

skull edge position is from the outside of the head to CMB.

[17] A “trimming” process is applied to correct errors from the previous step in the 

following way (Fig 6-2 p). [2D] The process starts from the y positions at 45° from the 

right profile angle. If the difference between the horizontal thicknesses at y and (y - 1) is 

larger than a certain limit (two pixels in this case), the thickness at y is replaced with that 

at (y - 1). This process can adjust false edge positions resulting from failure of local 

thresholding.

[18] The internal contours of the binary masks from steps 14 and 17 are taken as the initial 

positions of the internal and external skull contours.

[19] From these initial positions, the skull contour positions are determined by selecting the 

local minima along the radial profiles from CMB; sub-pixel precision coordinates are 

calculated ushig the relationships described in section 5.3.2. For the part of the skull 

contours below the level of CMB, the same method is applied along the horizontal profile 

from the centre line of (Xg, y) where yg < 3'-
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6.4 SELECTION OF SLICE

Three different slices (posterior, middle and anterior) for each of six volume data sets were 

selected. Since many adjacent slices have similar anatomy and morphology and can be 

categorised as the anterior, middle and posterior slices, eX̂ TuU is applied to three main slices 

which represent the characteristics of the volume data.

Representative anterior and posterior slices were selected at the ends of the interhemispheric 

fissure. The distance from the frontal lobe to the occipital lobe of the brain was measured. 

The average distance (with standard deviation) of the anterior slices was 17.17 ± 5.70 mm 

while that of the posterior slices was 19.50 ± 4.15 mm. The details of the slice distances are 

summarised in Table 6-1. The middle slice of the volume data set for each subject was 

selected as the middle slice. Since the morphology of the head (and skull) for each individual 

subject varies slightly, the chosen slices do not necessarily represent exactly the same 

anatomical and morphological features. This provides an opportunity to apply eXX̂ ull in 

various morphological and anatomical environments.

Table 6-1 Position of the slices. The slice distance is the distance fi*om the front or occipital 

lobe of the brain to the (anterior or posterior) slice in the image data set. The slices were 

selected where the anterior (or posterior) interhemispheric fissure started.

Subject

Slice Distance (mm)

Anterior slice Posterior slice

SI 9 18

S2 21 24

S3 18 12

S4 21 21

S5 24 24

S6 10 18

Mean ± SD 17.17 ±5.70 19.50 ±4.15
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6.5 RESULTS

In Fig 6-3, an example of the internal and external skull contours detected by eXiTull are 

shown as well as several anatomical features surrounding the skull. Despite the complex 

environment surrounding the skull, eXiCull detected the skuU contours. In the following 

sections, the results of skull detection for the various slices in the six subjects are discussed 

qualitatively based on visual assessment. The quantitative evaluation of the performance of 

eX/TuU will be the subject of the following chapter.

6.5.1 Anterior Slices

The skull contours of the anterior slices for the six subjects (SI-86) detected by eX/CuU 

were superimposed onto the original images; the results are shown in Fig 6-4.

In SI (Fig 6-4 a), eX/CuU detected the internal and external skull contours corresponding 

to anatomy. cXKvUl identified the internal skull contour in the superior lobe and temporal 

lobe regions despite severe blurring of the edges between bone marrow and CSF-brain due 

again to the partial volume effect. In the tenporal lobe, eX/CuU recognised the external skull 

contour agreeing with its anatomy.

In S2 (Fig 6-4 b), both internal and external skull contours were detected. eX/Tull identified 

the internal contour in the temporal lobe regions corresponding to anatomy. However, the 

internal skull contour near the superior sagittal sinus did not correspond to its anatomy. The 

external contour was detected in the superior lobe and temporal lobe regions corresponding 

toits anatomy.

In S3 (Rg 6-4 c), eXl^ull detected both internal and external skull contours corresponding 

to anatomy. The internal skull edges were identified in the superior lobe and the left 

temporal lobe regions corresponding to anatomy. However, eX^ull did not detect the 

corresponding positions of the internal skull edges in the right temporal lobe region and the
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Fig 6-3 The internal and external skull contours detected by eXÂ'uU. Several key features 

surrounding the skull including superior sagittal sinus, bone marrow, muscle, and scalp 

were indicated.

158



r  ' 1

* \ C  V

W .'^  ^

Fig 6-4 The resulting skull contours superimposed onto the anterior slices for the six

human subjects: (a) SI; (b) S2; (c) S3; (d) S4; (e) S5; and (f) S6.
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external skull edges in the left temporal lobe region due to the severe partial volume effect. 

The external contour in the superior lobe and temporal lobe regions were identified 

corresponding to its anatomy.

In S4 (Fig 6-4 d), the internal and external skull contours were detected corresponding to 

anatomy. eX^ull identified the internal contour in the superior lobe region including the 

superior sagittal sinus, where there were very strong edges, and in the temporal lobe region. 

In this particular subject, eX^ull identified the internal contour in the superior sagittal sinus, 

overcoming strong edges as well as the severe partial volume effect. In the superior lobe and 

temporal lobe regions, the external contour was detected corresponding to its anatomy. 

In S5 (Fig 6-4 e), eX/TuU detected the internal and external skull contours agreeing with 

anatomy. The internal contour was identifted corresponding to its anatomy in the temporal 

lobe region. However, eX/CuU did not detect corresponding internal contour in the superior 

lobe region, although did recognise the internal edges near the superior sagittal sinus. The 

external contour was detected corresponding to its anatomy in the temporal lobe regions. 

There were minor errors in identifying the external skull edges in the superior lobe region. 

In S6 (Fig 6-4 f), the internal and external skull contours were again detected corresponding 

to anatomy. In this particular subject, eX^ull identified the internal contour agreeing with 

its anatomy in the superior lobe region, overcoming the strong edges of the superior sagittal 

sinus. In the temporal lobe region, the internal edges were also detected corresponding to 

its anatomy. The external contour in the superior lobe and temporal lobe regions was 

identified corresponding to its anatomy.

Overall, despite the severe partial volume effect which caused blurring of the skull edges, 

the internal and external skull edges were detected corresponding to anatomy for all six 

subjects. The partial volume effect caused more problems in detecting the internal skull 

contour than the external since the edges between bone marrow and CSF-brain were
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severely bluired by the effect. In particular, eXA'ull overcame the strong edges near the 

region of the superior sagittal sinus and detected anatomically precise internal skull edges 

in the region. For some subjects, however, eXATull occasionally failed to detect the internal 

skull contours corresponding to its anatomy in the region of the superior lobe near the 

superior sagittal sinus.

6.5.2 Middle Slices

The skull contours of the middle slices for the six subjects detected by eX/Cull were 

superimposed onto the original images; the results are shown in Fig 6-5. In the temporal 

lobe region, muscle edges were detected corresponding to anatomy for all six slices as part 

of the external skull contour. In this region, there were strong edges between muscle and 

scaÿ, and the bone speared very thin (1-2 pixels). eXKuU also overcame the strong edges 

near the superior sagittal sinus and detected internal skull edges corresponding to its 

anatomy.

In SI (Fig 6-5 a), both internal and external skull contours were detected corresponding to 

anatomy. Despite the strong edges in the region of the superior sagittal sinus, eXATull 

identified the internal skull contour coiresponding to its anatomy in the superior lobe 

region. In the tenporal lobe region, the internal and external skull contours were identified 

corresponding to its anatomy despite the very thin (1-2 pixels) appearance of the bone. The 

external skull contour in the temporal lobe region was also detected corresponding to its 

anatomy in spite of the strong edges between muscle and scalp.

In S2 (Rg 6-5 b), eX/full detected both internal and external skull contours corresponding 

to anatomy. The internal skull edges in the regions of the superior lobe and superior sagittal 

sinus were identified corresponding to its anatomy. In this particular subject, the skull 

contour in the tenporal lobe region was detected corresponding to its anatomy in spite of
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Fig 6-5 The resulting skull contours superimposed onto the middle slices for the six

human subjects: (a) SI; (b) 82; (c) S3; (d) S4; (e) S5; and (f) S6.

162



(c) very thin thickness of the skull The external contour in the temporal lobe region, where 

there were strong edges between muscle and scalp, was identified corresponding to its 

anatomy. However, there were some minor errors in the upper right temporal lobe region 

for internal skull edge detection and at the left precentral region for external skull edge 

detection.

In S3 (Fig 6-5 c), both internal and external skull contours were again detected 

corresponding to anatomy. In this particular subject, there were blurred edges in the 

superior lobe region due to the partial volume effect. However, eXX'ull detected the internal 

skuU contour in the region as well as overcoming the difficulties of strong edges in the 

region of the superior sagittal sinus. In this subject, no bone marrow appeared in the upper 

tenporal lobe region and the skull therefore appeared as a long narrow dark band. Despite 

the difference appearance of the skull in the region, eX/fuU identified the external skull 

contour corresponding to its anatomy in the temporal lobe and superior lobe regions.

In S4 (Fig 6-5 d), eXAfuU detected both internal and external skull contours corresponding 

to its anatomy. In this particular example, eX^uU identified the internal skull edges in the 

superior lobe region including the superior sagittal sinus. The external skull contour was 

detected corresponding to its anatomy in the superior lobe and in the left temporal lobe 

regions. In the upper temporal lobe regions, the muscle appeared as a long narrow band 

alongside the scalp. eXXuU identified the external skull contour corresponding to its 

anatomy, despite the difficult geometry in the region. On the other hand, there were errors 

in the right temporal lobe region for external skull contour detection.

In S5 (Rg 6-5 e), the internal and external skull contours were identified corresponding to 

its anatomy. In the superior lobe region near the superior sagittal sinus, eX/TuU detected the 

internal skull edges coiresponding to its anatomy despite the existence of strong edges. The 

external skull contour was also determined corresponding to its anatomy in the region of
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the superior lobe and the temporal lobe regions.

In S6 (fig 6-5 f), eX^ull detected the internal and external skull contours. The internal skull 

contour was identified corresponding to its anatomy in the superior lobe region including 

the superior sagittal sinus. However, there were minor errors in the upper right temporal 

lobe region in detection of the internal skull edges. The external skull contour was detected 

coiresponding to its anatomy in the superior lobe and the left temporal lobe regions but in 

right external temporal contours were determined inaccurately.

6.5.3 Posterior Slices

The skull contours of the posterior slices for the six subjects detected by eXA'uU were 

superimposed onto the original images; the results are shown in Fig 6-6. In particular, the 

partial volume effect was very severe, blurring skull edges. The cortical bone appeared as 

a thick dark band in the superior lobe and the temporal lobe regions.

In S1 (Fig 6-6 a), the internal and external skull contours were detected. Despite strong 

edges in the region of the superior sagittal sinus and the severe partial volume effect in the 

superior lobe region, eXfTull identified the internal skull contour in the region. In the 

temporal region, however, eX^uU occasionally failed to detect the internal edges. For the 

external skull contour detection, eXXull identified the external contour. But eXXuU 

occasionally failed to detect the external edges in the temporal lobe region.

In S2 (Fig 6-6 b), tXKuJl detected both internal and external skull contours. The internal 

skull edges in the regions of the superior sagittal sinus and the temporal lobe were identified. 

The external skull contour was detected corresponding to its anatomy in the region of the 

superior lobe. Although eXXull detected the external skull contour corresponding to its 

anatomy in the right temporal lobe region, it occasionally failed to identify the external 

contour in the left temporal lobe region.
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Fig 6-6 Resulting skull contours superimposed onto the posterior slices for (a) SI, (b)

52, (c) S3, (d) S4, (e) S5, (f) S6.
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In S3 (Fig 6-6 c), the internal and external skull contours were detected. In the region of the 

superior lobe near the superior sagittal sinus, eX^ull detected actual internal edges of the 

skull in spite of irregular morphology and the existence of strong edges. eX^ull detected the 

internal skull contour corresponding to its anatomy in the temporal lobe region as well. 

eX^uU identified the external skull contour correctly in the superior lobe and in the left 

temporal lobe regions but failed occasionally in the right temporal lobe region.

In S4 (Fig 6-6 d), eXXuU detected both internal and external skull contours. eXXuU detected 

the internal skull edges in the regions of the superior lobe and superior sagittal sinus, with 

occasional errors in identifying the edges corresponding to its anatomy. The external skull 

contour was detected corresponding to its anatomy in the superior lobe and temporal lobe 

regions.

In S5 (Fig 6-6 e), the internal and external skull contours were identified. In the region of 

the superior lobe near the superior sagittal sinus, eXXull detected actual internal skull edges 

despite the existence of strong edges. eXXuU detected the internal skull contour in the 

tenyoral lobe region. The external skull contour was also determined corresponding to its 

anatomy in the regions of the right temporal lobe and the superior lobe. However, eXXull 

faded to identify the external edges in the left temporal lobe region.

In S6 (Fig 6-6 f), eXXull detected the internal and external skull contours. The internal skull 

contour was identified corresponding to its anatomy in the superior lobe region including 

the region of the superior sagittal sinus and the temporal lobe region. The external skull 

contour was detected in the superior lobe and the temporal lobe regions.

Overall, despite the severe partial volume effect which blurred skull edges, the internal and 

external skull edges were detected corresponding to its anatomy for all six subjects. In 

particular, eXXull was able to overcome the strong edges near the region of the superior 

sagittal sinus, and detected the internal skull edges corresponding to its anatomy in this
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region. However, for several subjects eXÆull occasionally failed to detect the internal skull 

contours in the temporal lobe region. This failure was caused by improper thresholding at 

the initial step of eX/TuU.

6.6 DISCUSSION

6.6.1 Main Difficulties in Skull Detection

The main difficulties in skull detection were bluired edges caused by the severe partial 

volume effect, particularly in the anterior and posterior slices and the thin appearance of the 

skuU in the temporal lobe region. For internal skull edge detection, the problem was to 

overcome the strong edges in the region of the superior sagittal, and for external skull edge 

detection, the strong edges between muscle and scalp in the temporal lobe region. 

Because the superior sagittal sinus appears to be dark, and in fact often darker than the 

cortical bone of the skull, the region could contain the local minimum. It would therefore 

be extremely difficult to detect a precise edge position using solely the radial profile edge 

detection method because edge position is determined by choosing the local minimum along 

the profile within a certain limit. Additional information and methods would be necessary 

to detect the correct edge positions in the region. Due to the morphology of the human 

head, the thickness of the skull and scalp in the superior lobe region, including the superior 

sagittal sinus, is homogeneous and changes gradually. From the additional information, the 

internal skull edge positions were able to be detected precisely.

Combining the global thresholding method with the local edge detection method, it is 

possible to detect the correct external skull edge in the temporal lobe region, where there 

are strong edges between muscle and scalp. Since the global thresholding method is less 

sensitive for local variation, it provides a reliable starting position for locating the correct 

edge position in the temporal lobe region. In addition, the trimming process could correct

167



some errors in the region. Due to the local signal inhomogeneity in the temporal lobe region, 

some areas in the muscle-scalp border could be over-thresholded. This problem was able 

to be corrected by a process which uses prior knowledge of the region (see section 6.3.3 

step [17] for the trimming process).

Prior knowledge of the head anatomy and morphology was helpful in detecting skull edges 

correctly in the superior sagittal sinus and the temporal lobe regions (as described in section

6.3.2 step [14]).

6.6.2 Advantage of 2.5D CCA for Brain Detection

In eXXull, the 2.5D connected component analysis (CCA) was used for the brain detection 

process. In this section, advantages and effects of the 2.5D CCA, which is combined with 

the 2D CCA in which only an individual slice is concerned and the 3D CCA in which all 

slices are used, are discussed.

In the brain detection process, one of the assumptions is that the largest object in each is the 

brain itself. However, the largest object in the image does not always correspond to the 

brain for the whole data set. In particular, in anterior and posterior slices, the brain ceases 

to be the largest object in the image with the scalp and muscle more likely candidates. An 

example of a FSE volume data set is presented in Fig 6-7.

The results of the brain detection process using the 2.5D CCA for the entire volume data 

set were presented in Fig 6-8. The brain was detected in almost all shoes, but only a part of 

the brain was identified in the anterior and posterior shoes (see the first and last few shoes 

in Fig 6-8). The partial brain detection was due to the strong edges of the anterior and 

posterior interhemispheric fissures.

The problem may be overcome by a 3D approach. The 3D CCA could overcome the strong 

edge of the interhemispheric fissure in the anterior and posterior shoes in order to detect the
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Fig 6-7 The original volume data set. Images appear from the posterior slices in the upper 

left to the anterior slices in the bottom right.
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Fig 6-8 Results of brain extraction by the 2D method using the 2D connected component 

analysis for a volume data set. Images appear from the posterior slices in the upper left 

to the anterior slices in the bottom right. The white square represents a blank slice.
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brain correctly but a new problem then emerged. One of the weak points of the 3D method 

is that a local failure in any slice can ruin the entire operation, since all slices will be 

connected at the end of the process. In this particular case, the problem was caused in the 

posterior slices where the cerebellum appears. The brain volumes in these slices are 

substantially large, with the result that surrounding tissues such as muscle and scalp can be 

connected to the brain in the neighbouring slices at the end of the process, although they are 

in actual fact separated from the brain. The results of the 3D CCA are presented in Fig 6-9. 

It is clear here that the brain as well as the surrounding tissues in the anterior slices were 

detected.

The 2.5D method employed in eX/ifull to overcome the strong edges of the anterior and 

posterior interhemispheric fissures; the 3D CCA was applied whist the 2D CCA was 

employed in the middle slices to avoid the connection error due to appearance of the 

cerebellum (see section 6.3.1 step [7] for a detailed description). The results of the 2.5D 

CCA are presented in Fig 6-10. Here it can be seen that the brain was detected without 

problems in the entire image volume.

6.7 CONCLUSION

The results of eX^uU for the various slices in the six subjects have been discussed 

qualitatively based on visual assessment. Despite the complex environment surrounding the 

skuU, a promising correspondence between qualitative visual inspection and automated 

contours was found. The quantitative evaluation of the performance of eXXull will be the 

subject of the following chapter.
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Fig 6-9 Results of brain extraction by the 3D method using the 3D connected component 

analysis for a volume data set. Images appear from the posterior slices in the upper left 

to the anterior slices in the bottom right. The white square represents a blank slice.
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Fig 6-10 Results of brain extraction by the 2.5D method using the 2D and 3D connected 

conponent analysis for a volume data set. Images appear from the posterior slices in the 

upper left to the anterior slices in the bottom right. The white square represents a blank 

slice.
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Ch apter  7

V a l id a t io n

7.1 INTRODUCTION

The aim of this chapter is to analyse the performance of oXKuW quantitatively. For 

validating the skull detection algorithm (eAXull), several quantitative measures are 

considered including skull thickness, skull volume, and distance between internal and 

external skull contours. Since geometric distortions could occur in the MR images, CT 

images can be employed to validate eAXiill with its relatively distortion-free image of bone. 

However, it is very difficult to obtain suitable data sets of CT and MR images of the entire 

head (especially CT and proton density weighted MR images) for the same subject. 

Alternatively, a human skull can be used as a phantom and this, combining with CT, can 

provide suitable data for validating eAXull.

For validating eAXull, the manual in-plane skull thickness measurement (MISTM) is 

proposed (see section 7.5 for details). As an attempt to overcome the geometric distortions 

in the MR images, CT is employed to validate e%Kull using the skull phantom. The main 

idea behind using the skull phantom was that this was the only means of obtaining the 

nearest true value of skull thickness using the CT images. In addition, CT is useful because 

it is easy to segment.

The structure of this chapter is as follows. In section 7.2, criteria for choosing the validation 

method is introduced. Possible measures for validation, including contour-to-contour 

distance, surface-to-surface distance, skull thickness and skull volume, are discussed in
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section 7.3. In section 7.4, possible validation methods are reviewed. The manual in-plane 

skull thickness measurement (MISTM) method is presented in section 7.5. In section 7.6, 

several aspects, including advantages and disadvantages, possible sources of error and 

estimation of measurement uncertainty, of possible combinations of imaging modality and 

the imaged subject are discussed. In section 7.7, validation for the skull phantom is 

presented, using MR and CT images based on a modified version of eZKiill (eAXull II) 

including validation of MISTM, maximum and mean differences between oXKuW II and 

MISTM, success rate of eAXiill II. Validation results for the human subjects are presented 

in section 7.8, including maximum and mean differences between oXKuW and MISTM, 

success rate of eAXull, repeatability of MISTM in terms of intra-operator variation. Finally, 

a discussion is presented in section 7.9.

7.1.1 Definition of Measurement Variabilities

Definition of several measurement variabilities used in this chapter is as follows [Bevington 

92]:

(1) Accuracy: Measurement variability between the experimental results and the true value.

(2) Precision: Measure of measurement variability without reference to any true value.

(3) Repeatability: Measurement variability using the same method and the same data.

(4) Reliability: Measurement variability using the same method and different data.

(5) Uncertainty: Magnitude of error that is estimated to have been made in the 

determination of results.

(6) Systematic error: Reproducible inaccuracy introduced by faulty equipment, calibration, 

or technique.
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7.2 COMPARISON OF VARIOUS VALIDATION STUDIES

Medical image segmentation is proposed as a method for measuring the volume of tissues, 

preprocessing for multimodality image registration, and the 3D spatial representation of 

anatomy. Some form of quantitative measure of the accuracy or reproducibility for 

segmentation algorithm is necessary. Since it is not logically possible to measure the true 

value directly, several alternative methods have been reported. A common approach to 

validate the performance of algorithms is to compare a manually classified image with the 

segmented results [Lim 89; Fleagle 90; Galloway 90; Jemigan 90; Gur 91; Wick 92; 

Barzokios 93; Bonar 93; Kulynych 93; Wahlund 93; Windham 93; Ardekani 94; Bazille 

94; Burkart 94; Simmons 94; Losseff 96; Tebben 97; Vaidyanathan 97], or to use a 

phantom [Condon 86; Hildebolt 90; Jack 90b; Choi 91; Koehn 91; Rusinek 91; Agartz 92; 

Peck 92; Harris 94; Mitchell 94; Ashton 95; Rajapakse 96b; Siegel 96; Alfano 97]. Area 

and volume of particular structures such as GM, WM, CSF and ventricle has been 

commonly measured for validating the segmentation results whilst distance [Hildebolt 90; 

Vannier 91; Barzille 94; Siegel 96], or thickness [Tebben 97] have been evaluated for 

verifying algorithms. Furthermore, for manual methods, it is necessary to evaluate inter- 

and intra-operator variations reproducibility to indicate a degree of confidence in the 

segmentation. A comparison of various validation studies is presented in Table 7-1. 

Abbreviations used in Table 7-1 are presented at the bottom of the table. A review of 

validation methods in MR segmentation is discussed by [Clarke 95].

Table 7-1 Comparison of various validation studies.

Author ROI Type of Measure Method Validation

Agartz 92 Brain, CSF Volume P REP

Alfano 97 GM, WM, CSF Volume M,P REP

Ardekani 94 CSF, Arachnoid Area M REP
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Author ROI Type of Measure Method Validation

Ashton 95 HC Area M,P REP

Baldy 94 Ventricle Volume — COM

Barzokis 93 WM,HC,
Ventricle

Volume M REP

Bazille 94 Myocardium Distance M EOV, AOV

Bonar 93 GM, WM, CSF Volume M RES, EOV

Burkart 94 Vessel Volume M EOV

Choi 91 GM, WM, CSF Volume M,P REP

Clarke 93 GM, WM, CSF — V —

Condon 86 Ventricle, CSF Volume P —

Fleagle 90 Ventrcle Area M EOV, AOV

Galloway 90 Gliomas of Dog Volume M REP

Our 91 Brain, CSF Volume M REP

Harris 94 GM, WM, CSF Volume M,P EOV, AOV

Hildebolt 90 Skull Distance Skull REP

Hughes 94 AC Area P REP

Jack 90b HC Volume M,P EOV, AOV

Jemigan 90 GM, WM, CSF Volume M EOV, AOV

Kohn91 Brain, CSF Volume P EOV, AOV

Kikinis 92 GM, WM, CSF Volume M EOV

Kulynych 93 Cerebral cotex Area M EOV

Li 93 GM, WM, CSF - V —

Lim 89 GM, WM, CSF Area M EOV

Losseff 96 Brain Volume M RES, EOV

Mitchell 94 GM, WM, CSF Volume P REP

Peck 92 Phantom Volume P EOV

Rajapakse 96b GM, WM, CSF Volume M,P EOV, AOV

Rusinek 93 Brain, GM Volume M,P EOV, AOV

Siegel 96 Body contour Distance P REP

Simmons 94 GM, WM, CSF Area M AOV

Tebben 97 AC Length, Thickness M EOV, AOV

Vaidyanathan 97 GM, WM, CSF Volume M EOV, AOV
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Author ROI Type of Measure Method Validation

Vannier 91 Brain Distance Cadaver REP

Wahlund 93 CSF Volume M REP

Wicks 92 MS Volume M EOV

Windham 93 GM, WM, CSF Volume M EOV

ABBREVIATIONS

1. ROI (Region of interest)
AC: Articular cartilage CSF: Cerebrospinal fluid
HC: Hippocampus MS: Multiple sclerosis lesion

2. Method of Validation
M: Manual F: Phantom V: Visual inspection by radiologists

3. Validation
AOV : Intra operator variation EOV : Inter operator variation
COM: Comparison with literature values REP: Reproducibility study
RES: Repeated scan

GM: Grey matter 
WM: white matter

7.3 POSSIBLE MEASURES FOR VALIDATION

To validate eAXiill, several quantities can be measured, for instance (1) Contour-to-contour 

distance; (2) surface-to-surface distance; (3) Volume; (4) Thickness; (5) In-plane thickness. 

Contour-to-Contour Distance: Since the skull consists of the internal and external 

contours, the distance between the two contours can be measured for validation. The 

distance between the contours detected by eAXull can then be compared with those drawn 

manually.

Surface-to-Surface Distance: From the contours detected by eAXull, a 3D surface of the 

skull can be created. The distance between the internal and external skull surfaces can be 

measured for validation. The distance between the surfaces from eZKiill can then be 

compared with those from the manual drawing. This method is an extension of the previous 

method of contour-to-contour distance.

The two have been widely applied in the field of image registration [Pelizzari 89; Barzille
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94; Taneja 94; Turkington 95].

Volume: The skull volume can be calculated from the skull contours detected by qXKmW 

and compared with the real skull volume measured from the skull phantom. The real skull 

volume can be quantified by taking the difference between water contents in the same 

container with and without the skull phantom. One of advantages is that the results by 

eZKiill can be directly compared to the real value. However, it is impossible to measure the 

true volume of the skull of the living subjects. Furthermore, although the volume 

measurement has been commonly used for validation, assessment of accuracy of volumetric 

measurements is not a solved issue for all segmentation methods [Clarke 95; Alfano 97]. 

Thickness: Thickness of the skull can provide a quantitative measure for validation. The 

skull thickness detected by oXKuW can be compared either with that drawn manually, or 

directly with physical measurement of the real skull using a micrometer. One of advantages 

is that the results by eAXull can be directly compared to the physical value if the real value 

of the skull thickness is known.

In-plane thickness: Since skull contours detected by eZKiill are in the image plane, the in

plane skull thickness can measure the performance of oXKuW more closely than any other 

validation methods. In-plane skull thickness is chosen for validating eA%ull based on 

availability and accessibility.

7.4 POSSIBLE VALIDATION METHODS

It has been seen that there are several possible validation measures which can be used to 

evaluate the accuracy of the skull detection algorithm. The advantages and disadvantages 

of these methods are discussed in this section.

The skull contours can be drawn using conventional image processing packages such as 

ANALYZE (Mayo Clinic, USA) and Displmage (D Plummer, Dept of Medical Physics,
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UCL). Alternatively, the skull contours can be drawn by an expert. Manual drawing of the 

skull contour is simple but operator dependent. As a result, its precision would need to be 

assessed. Furthermore, such a method is time-consuming and could also give rise to 

substantial measurement errors.

The skull edges can be detected using conventional image processing packages, either by 

thresholding or edge tracking based on thresholding. Most methods are semi-automatic and 

operator dependent, meaning that their precision must be assessed. Furthermore, since the 

available semi-automated methods for image segmentation have been developed as general 

image processing tool, they have not been tested or validated for skull edge detection. 

Therefore, it seems invalid to validate a computer algorithm using another computer 

algorithm which is not itself specifically validated for the purpose.

Skull edges can be detected more easily and accurately by thresholding CT images where 

bone appears as a bright object [Hildebolt 90]. For validation purposes, this requires image 

registration between CT and MR images. Fiducial markers are necessary for the accurate 

registration of images derived from two different imaging modalities. Most problematically, 

it is very hard to obtain suitable data sets of CT and MR images of the entire head 

(especially CT and proton density weighted MR images) for the same subject as these are 

rarely required in clinical grounds.

Analysis of phantom images may provide the most accurate validation method provided 

that the real physical dimensions of the phantom are known. However, a realistic phantom 

of the entire head for MRI is not available. Alternatively, a human skull can be used as a 

phantom and this provides the real physical dimensions of the skull. Using the skull 

phantom is a very reliable and reproducible method.

The real physical dimensions of the skull can be measured based on human cadaver study. 

The head of a human cadaver would be the most realistic head phantom [Vannier 91].
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However, the use of a cadaver suffers from the absence of CSF. This method is not 

practical, nor is it easy to obtain subjects.

Finally, a live animal can be used for validation [Galloway 90]. The advantages are that 

CSF can be detected and real physical dimensions of the skull can be measured. However, 

the anatomy of animals is obviously not exactly same as that of humans and it would be 

hard to obtain subjects.

7.5 POSSIBLE VALIDATION METHODS FOR eAXull

7.5.1 MRI and CT using A Skull Phantom

7.5.1.1 Method

The principle is to measure the in-plane thickness of the skull in identical slices of MR and 

CT image data sets.

It is helpful to register the MR and CT images if the accuracy of the registration method is 

known. This is because the same slice thickness and slice number in the MR and CT scans 

for the skull phantom may help in recognising the identical slice of the phantom in the MR 

and CT images. In addition, synthetic markers placed on the surface of either the skull or 

the container provide landmarks to facilitate identification of the corresponding slices in 

the MR and CT images.

Therefore, synthetic markers are placed on the surface of the skull. Data are acquired with 

the same slice thickness and slice number in order to help to identify the same slice. The 

corresponding slices in the MRI and CT are identify on the basis of the marker in the 

images. The skull edges in the MR image are detected by measuring the in-plane skull 

thickness. Skull thickness in the CT image is measured manually by measuring the in-plane 

skull thickness. The measurements are compared. The mean and maximum differences are 

calculated to evaluate the accuracy of oXKuW.
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7.5.1.2 Advantages and disadvantages

Advantages of this method are: (1) The CT image provides an accurate, detailed and 

distortion-free representation of the skull; (2) With CT images of the phantom, 

representation of the performance of the manual measurement and eZiCull can be provided 

using the thickness measured from CT images as a gold standard; (3) Discrete manual in

plane skull thickness measurement possibly provide accurate results since the radial profile 

guides detection of the edge position; (4) It is relatively simple to apply; (5) No re-slicing 

is required.

However, this method has disadvantages: The eAXiill algorithm needs to be modified to 

detect skull edges in MR phantom images since the phantom image is much simpler than 

the real head MR image. Therefore, this method provides only a partial representation of 

the performance of the original algorithm.

7.5.1.3 Possible sources of error and measurement uncertainty

The possible sources of differences are: (1) Operator error; (2) Different approaches to 

producing the radial profile between eAXiill and Displmage; (3) Disagreement of a profile 

path between oXKuW and the manual measurement. Discussions are in section 7.9.4.

In general, the uncertainty of the measurement could be less than a one-half of the smallest 

division [Bevington 92]. The uncertainty of the manual measurement could be less than a 

half pixel of the CT image (0.13 mm). The uncertainty of the measurement by eAXull could 

be less than a half pixel in the MR images (0.5 mm). This can be halved if the image 

resolution is doubled.
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7.5.2 MRI of Human Subjects

7.5.2.1 Method

The in-plane thickness of the skull along the radial profile in the identical slice of the same 

MR image data set is measured manually. The manual measurement of in-plane skull 

thickness is compared with the in-plane skull thickness measured by eZS^ull. The mean and 

maximum differences are calculated in order to characterise the accuracy of eAXull.

1.522  Advantages and disadvantages

Advantages of this method are: (1) Human data are used; (2) Discrete manual in-plane skull 

thickness measurement provide accurate results since the radial profile guides detection of 

the edge position; (3) It is relatively simple to apply; (4) No pre-processing such as image 

registration is required since the same MR image data set is used.

Disadvantages of this method are: (1) The physical dimensions of the skull are unknown; 

(2) It may provide only a partial estimation of the error because of the limited number of 

measurements and validation slices, although the measurement area covers the entire region 

of the cranium and three validation slices (anterior, middle and posterior) represent 

characteristics of the data set; (3) Since the in-plane skull thickness is the skull thickness 

projected into the coronal image plane, it is not the true skull thickness; (4) It is hard to 

detect certain sources of error such as a geometric distortion in MR images.

7.5.2.3 Possible sources of error and measurement uncertainty

The possible sources of differences are: (1) Operator error; (2) Different approaches to 

producing the radial profile between eAXidl and Displmage; (3) Disagreement of a profile 

path between eA%ull and the manual measurement. Discussions are in section 7.9.4.

The uncertainty of the measurement could be less than a half pixel (0.5 mm).
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7.5.3 MRI and Physical Measurement using the Skull Phantom

7.5.3.1 Method

The authentic physical thickness of the actual skull can be measured using an accurate 

measuring tool such as a caliper. This can be then compared with the in-plane skull 

thickness measured by eAXull in the identical slice in the MR image data set. The skull 

needs to be cut to measure its actual thickness after the scan. The skull is cut in to several 

pieces and the skull thickness measured with a caliper.

The physical measurements of skull thickness are used to evaluate the accuracy of the 

performance of eAXull. The mean and maximum differences are calculated to evaluate the 

accuracy of eAXull.

7.5.3.2 Advantages and disadvantages

Advantages of this method are: (1) Analysis of the phantom image provides the most 

accurate validation method since the real physical dimensions of the phantom are known; 

(2) It is very reliable and reproducible.

Disadvantages of this method are: (1) It is hard to obtain the whole skull in several pieces;

(2) It is very hard to cut the real skull in the identical position to the image plane; (3) It is 

very hard to find the identical position and path in the segmented skull for the thickness 

measurement where the skull edges are detected by oXKuW.

7.5.3.3 Possible sources of error and measurement uncertainty

The possible sources of error are: (1) Discrepancy between the image slice and the 

corresponding skull fragment; (2) Discrepancy of measurement location between the 

eZSTull image and the skull obtained by physical measurement.

Since the skull thickness measurements in MR images by eXKull are the measurement of
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skull thickness projected into the coronal plane, it would be necessary to cut the skull in 

order for it to be matched up with the corresponding image slice. In particular, it would be 

quite hard to cut the skull in anterior and posterior parts of the skull. Alternatively, the 

oblique skull thickness in such a difficult-to-cut area can be estimated using a relationship 

between the true skull thickness and angle of the skull surface where the true skull 

thickness is measured. The wall of the skull container can also be used as a reference 

position in order to identify the measurement location in the skull as close to the image 

slice as possible.

The uncertainty of the physical thickness measurement could be less than a one-half of the 

smallest division depending on the tool used. In terms of accuracy, physical measurement 

would provide the most precise method by which to validate the project.

7.5.4 Choice of Validation Method

In this project, measurement of manual in-plane skull thickness measurement (MISTM) is 

chosen as the validation method: Combined with the physical measurement of skull 

thickness and skull phantom study using the CT scan, MISTM method can provide an 

accurate representation of the performance of eAXull since an accurate skull thickness can 

be measured from the skull phantom. In the following sections, MISTM is introduced and 

validate using the skull phantom.

7.6 MANUAL IN-PLANE SKULL THICKNESS MEASUREMENT (MISTM)

It is proposed to measure the in-plane skull thickness in individual slices by determining 

the edge positions of the skull along radial profiles from the centre of mass of the brain 

(CMB). The in-plane skull thickness is determined using an image display program, 

Displmage. The image with the guide lines for the profile line and the corresponding radial
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Fig 7-1 Manual in-plane skull thickness measurement (MISTM): (a) The head MR image 

with CMB (1), the profile line (2), the indicator (3), and the profile guide line (4); (b) The 

profile from CMB to the border of the image along the profile line in (a). The arrow in the 

profile indicates the position of the mouse cursor. The indicator moves simultaneously 

relating to the cursor position on the profile, jc and y are positions of the indicator in the 

image, ûf is the distance from CMB to the indicator and value is the intensity value of the 

pixel where the indicator is located.
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profile along the profile line from CMB is presented in Fig 7-1. The arrow in the profile 

indicates the position of the mouse cursor. The indicator moves simultaneously relating to 

the cursor position on the profile. In Fig 7-1 (b), x and y are positions of the indicator in 

the image, c/ is the distance fi-om CMB to the position of the indicator and value indicates 

the intensity value of the pixel where the indicator is located.

qXKmW is validated by comparing the in-plane skull thickness derived fi-om the e ^ u l l  

result with those done by MISTM. The MISTM method is applied in individual slices as 

follows:

[1] The profile guide lines are drawn fi-om CMB.

[2] Using the “profiles” tool in the Displmage, a radial intensity profile originated from 

CMB to the boundary of the image is created along the profile line for each profile guide 

line in the image (see Fig 7-1).

[3] The position (%, y) of the local minimum near the skull edge on the radial profile is 

selected as a candidate for the skull edge position based on the position of the indicator on 

the profile line in the image. The indicator moves simultaneously relating to the cursor 

position on the profile. If the local minimum on the profile agrees with the “true” skull 

edge, ie, the position of the indicator coincides with the true skull edge in the image, the 

position of the local minimum is selected as the skull edge position. The “true” skull edge 

is the skull edge in the image determined by an experienced expert operator. If the local 

minimum does not correspond to the “true” skull edge, the skull edge position is selected 

by choosing the position where the indicator is located to the nearest position of the “true” 

skull edge. (Normally, it is situated very near to the local minimum, within 1 to 2 pixels, 

on the profile.) Therefore, the skull edge position (Xq, _%) is selected on the basis of the 

information not only on the profile but also in the image.

[4] Two adjacent positions, (x,,j^,) and (%2, Tz), G-om the selected skull edge position (Xg, ̂ o)
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along the profile are selected to calculate the sub-pixel skull edge position since the skull 

edge spans 3 to 4 pixels between minimum and maximum positions on the profile. For the 

intemal skull edge position, the two adjacent positions towards the CMB along the profile 

are selected while the two positions towards the outside the head along the profile are 

selected for the external skull edge position.

[5] The sub-pixel skull edge position along the profile is then calculated from the edge 

positions by linear interpolation, as described in section 5.3.2. The intensity value of the 

second position among three positions was used as the threshold value.

[6] Steps from 1 to 5 are repeated for the intemal skull edge position (Xj, and external 

skull edge position (%g,yj.

[7] From the intemal and extemal skull edge positions, the in-plane skull thickness along 

each profile is calculated as

Ts = \/(«e - * (ye - y if (1)

The MISTM is performed every 5° for 180° clockwise starting from the level of CMB. The 

area of the measurement covers the entire region of the cranium.

7.7 VALIDATION USING THE SKULL PHANTOM

7.7.1 The Skull Phantom

The skull phantom consists of a real skull contained within a perspex container. For MRI 

scanning, the phantom container is filled vdth water as illustrated in Fig 7-2. The container 

itself consists of a removable cover which can be mounted on top of the container body and 

can be sealed up with a mbber gasket and 14 plastic screws (see Fig 7-2 a). There are four 

knobs which can be screwed through the container wall in order to hold and fix the skull 

in the container (Fig 7-2 a). There is a cylindrical holder at the bottom of the container.
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Fig 7-2 Skull phantom; The skull phantom' (a) The perspex container and (b) The skull was 

placed inside the container.
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Copper sulphate markers were put on the skull surface in order to allow identification of 

the corresponding image slice in the MR and CT data sets.

7.7.2 Skull Phantom Images

7.7.2.1 MR Images

Proton density (PD) weighted images were acquired using a fast PD weighted spin echo 

sequence (RARE) with similar imaging parameters to those used for human subjects (TR 

= 4 s, TE = 22 ms, bandwidth = 31 kHz, NEX = 2) using a GE Signa 1.5 T scanner. 

Imaging parameters in the MR scan for the skull phantom are summarised in Table 7-2. The 

skull phantom, filled with water, as described in the previous section, was scanned. An MR 

image of the skull phantom is presented in Fig 7-3 (a). The skull appears as a dark object 

in MR images. SNR of water in the MR image was 39.

Table 7-2 Imaging parameters in MR and CT scans for the skull phantom.

Imaging Parameter MRI CT

FOV (cm") 24.0 X 24.0 24.0 X 24.0

Matrix 256 X 256 512x512

Slice Thickness (mm) 3.0 1.0

Slice Gap (mm) 0.0 0.0

Voxel Size (mm^) 0.94 X 0.94 X 3.0 0.47 X 0.47 X 1.0

Number of slice 70 202

1.122  CT Images

High resolution spiral CT images were acquired (140 kV, 206 mA) using a Siemens 

SOMATOM Plus 4 scanner. Imaging parameters in the CT scan for the skull phantom are 

summarised in Table 7-2. The skull phantom was scanned without water. The position of 

the skull in the container is exactly the same as for the MR scan. A CT image of the skull
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Fig 7-3 Images of the skull phantom from (a) MRI and (b) CT. The lines in (a) represent 

the path of the radial profile for the guidance of the manual measurement.

Fig 7-4 MR image of the skull phantom for the physical measurement of the skull thickness. 

Copper sulphate markers were placed on the left and right sides of the skull surface and are 

clearly seen in the image. The image was acquired using the FSE sequence with the 

parameters listed in Table 3-2.
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phantom is presented in Fig 7-3 (b). The skull appears as a very bright object and can be 

clearly seen in CT images. SNR of the skull in the CT image was 57.

7.7.3 Accuracy of MISTM

In this section, MISTM is validated based on the comparison with physical measurement.

7.7.3.1 Physical measurement of skull thickness

The physical thickness of the skull, as measured using a micrometre, was compared with 

the in-plane skull thickness measured by MISTM in MR images.

Method; The superior part of the cranial vault (ie, above the temporal bone) of a human 

skull was used for these. Copper sulphate markers were used to ensure correspondence 

between micrometric measurements and MISTM. It was not possible to measure the 

thickness near the top of the skull using the micrometre due to its shape. A flat surface on 

both lateral aspects of the skull in the squamous part of the temporal bone, approximately 

2cm below the squamous suture and roughly in the same coronal plane as the ears was 

chosen for the measurement. This line was then used to align the phantom in the MR 

scanner. A position for the micrometre measurement was marked on the line on each side 

of the skull, approximately 1 cm above the margin. Markers were placed on the skull 

centred on the each marked position. The image plane was carefully chosen to include the 

marker centres. An image was acquired using the 2D fast spin echo sequence with the 

imaging parameters listed in Table 3-2 and is shown in Fig 7-4. Each micrometric 

measurement was repeated four times and twice for MISTM.

Results: The results of the measurements are summarised in Table 7.3. The mean 

difference between the physical skull thickness (PST) and the in-plane skull thickness (1ST) 

was 0.18 mm for the left side and 0.01 mm for the right side.
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Table 7-3 Measurements of the physical skull thickness (PST) and the in-plane skull 

thickness (1ST) in the image using MISTM for the skull phantom.

Measurement PST (mean ± SD) 1ST (mean ± SD) PST - 1ST
Position (mm) (mm) (mm)

Left 4.92 ± 0.03 4.74 ±0.01 0.18(3.7%)

Right 4.42 ± 0.02 4.41 ±0.04 0.01 (0.2%)

Discussion: The results indicate that the 1ST measurements by MISTM agree well with the 

PST measurements with a mean difference of 0.1 mm. However, the error for the 

measurement of the left lateral part was greater than that for the right lateral part. 

Furthermore, the measurement error for the left lateral part was much greater than the 

measurement uncertainties for PST and 1ST.

The possible sources of systematic error are: (1) Voxel dimension deviation from nominal 

value due to gradient strength variation; (2) Mis-alignment of the phantom in the MR 

scanner; (3) Difference in the principles of between the micrometre and MISTM.

The voxel dimensions can fluctuate due to possible variations in gradient strength by -1% 

over a period of one month [Lemieux 98]. In this experiment, this effect affected for both 

lateral parts in the vertex and therefore, this effect alone could not explain the greater error 

in the left lateral part.

Mis-alignment of the phantom in the scanner can be an important source of error. Although 

markers on the surface of the skull phantom and the scanner alignment lights help to 

position the phantom, the precision of this operation is of the order of a few mm. This 

systematic error could cause either to enlarge or to reduce the skull thickness in the image. 

Together with the voxel dimension fluctuation described above, either part of the skull 

thickness in the image could be reduced or amplified. The uncertainty associated with this 

problem could be reduced by increasing the number of experiments.
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Finally, the micrometre measurement depends upon hardness and pressure while MISTM 

is based on the voxel intensities and the definition of the boundary of the object as an edge. 

These two physical properties of the MRI signal and hardness are not apriori directly 

related. In general, the uncertainty of the measurement could be less than a one-half of the 

smallest division [Bevington 92]. For the physical measurement, the uncertainty was 0.005 

mm. A certain degree of the uncertainty could be added into the measurements. 

Conclusion: The results in the physical measurement indicated that MISTM applied to 

MRI was accurate with errors between 0.2 - 3.7 %. This shows that MISTM is accurate to 

use as a gold standard for validating qXKmW.

1.132  MISTM for CT and MR images

The principle is to measure the in-plane thickness of the skull in identical slices of MR and 

CT image data sets using MISTM. The in-plane skull thicknesses in the MR (IST-MR) and 

CT images (IST-CT) were measured by MISTM in representative slices near the middle of 

the data set. The examples of MR and CT slices are presented in Fig 7-3. The thickness of 

the skull phantom measured by MISTM in CT images is compared with the measurements 

in MISTM. The difference is calculated to evaluate the accuracy of MISTM.

Method: Copper sulphate markers were placed on the surface of the skull providing 

landmarks to facilitate identification of corresponding slices in the MR and CT images (see 

Fig 7-3). The nearest identical image slices from MRI and CT were identified on the basis 

of the shape and position of markers and morphological features of the skull in the images. 

Thin (1 mm) slice thickness was chosen in the CT scan in order to reduce the partial 

volume effect because the skull thickness in the CT images provided a reference value for 

validation. MISTM was applied every 45° up to 180° clockwise starting from the level of 

CMB.
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Results: The results are presented in Table 7-4. The mean difference between the two 

measurements by MISTM for the CT and MR images was 0.1 ±0.5 mm. The maximum 

difference between the two measurements by MISTM for the CT and MR images was 

found at 90° and 180°.

Table 7-4 Measurements of the in-plane skull thickness in CT (IST-CT) and MR images 

(IST-MR) using MISTM for the skull phantom.

Degree IST-CT (mm) IST-MR (mm) Difference (mm)

0° 4.7 4.2 0.5 (10.5%)

45° 6.6 6.9 -0.3 (-3.9%)

90° 7.4 8.1 -0.7 (-9.3%)

135° 7.6 7.4 0.2 (2.7%)

180° 3.4 2.8 0.7 (19.6%)

Mean 6.0 ±1.6 5.9 ± 2.0 0.1 ±0.5

Discussion and conclusion: Because the slice thickness of MR data (3 mm) was three 

times thicker than the CT slice (1 mm) (see Table 7-1), it was difficult to identify the same 

image slice in the MR and CT data. The corresponding slices in the CT and MR were 

recognised on the basis of the shape and position of markers and morphological features 

of the skull in the images. Although it was not possible to register the MR and CT scans 

before reslicing due to time constraints, registration is likely to improve accuracy of the 

comparisons. In principle, the main advantage of the use of a proven automatic registration 

method over the applied manual method would be that the registration method is faster than 

the manual mathod and its repeatibility is better than the manual method since it has been 

validated.

The results showed that the 1ST measurements by MISTM for the MR image agreed with 

those in the CT image with a mean difference of 0.1 mm. The major discrepancy between
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the two measurements appeared in the right temporal lobe region at 180° (see Table 7-4). 

In the superior region, MISTM applied to MRI underestimated the thickness while 

overestimated in the other regions. Possible sources of errors is discussed in section 7.9.1. 

In conclusion, MISTM applied to MRI underestimates the thickness by approximately 0.1 

mm in a representative middle slice.

7.7.4 Skull Detection Algorithm for Skull Phantom: eA^ull II

The original method for skull detection described in section 6.3 was modified for MR skull 

phantom images because the phantom is obviously much simpler than a real human head: 

it is surrounded by water and with no scalp or brain. The main difference is the reduction 

of the number of routines for overcoming complicated edges inside and around the brain 

and the muscle/scalp interface.

The modified algorithm {oXKuW II) is as follows:

[1] The original grey image is thresholded by the automatic thresholding method based on 

the histogram of the image and variance optimization [Otsu 79].

[2] The bottom part of the thresholded binary images below the skull base line is cut off. 

The cut off value is calculated automatically by searching the non-zero pixel from CMB.

[3] Any remaining components inside the skull are removed by converting non zero pixels 

into zero.

[4] Morphological opening with a circular structuring element (diameter = 2 pixels) is 

applied to clean up the inside.

[5] A binary image for extemal skull edge detection is created by subtracting the binary 

image (step 4) from the binary mask (step 2).

[6] The largest component is found: this is the extemal binary skull mask by CCA.

[7] An edge image is derived from the original image using 3 x 3  Sobel operator with four
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(one vertical, one horizontal and two diagonal) convolution masks.

[8] The edge image is thresholded. The basal temporal lobe is detected by searching the 

non-zero pixel from CMB and used as a cut-off boundary.

[9] The largest component is selected for the intemal skull mask by CCA.

[10] A binary mask for intemal skull edge detection is created by subtracting the edge 

image (step 8) from the thresholded binary image (step 1).

[11] Morphological opening with a circular stmcturing element (diameter = 7 pixels) is 

applied.

[12] The largest component is selected as the intemal binary skull mask by CCA.

[13] The intemal contours of the binary masks from steps 6 and 11 are taken as the initial 

positions of the intemal and extemal skull edges.

[14] The sub-pixel positions of the intemal and extemal skull edges are calculated using 

the method described in section 5.3.3 in chapter five.

7.7.5 Results of the Skull Detection by eATTull II

Skull contours and the corresponding binary skull masks in the MR skull phantom images 

detected by eAXull II for anterior, middle and posterior slices are shown in Fig 7-5. The 

contours are superimposed onto the MR images.

For the anterior slices, the skull contours of the skull phantom without marker detected by 

eZKiill were superimposed onto the original image; the result is shown in Fig 7-5 (a). The 

result for the anterior slice detected by eZKull is presented in Fig 7-5 (b). Overall, in spite 

of the severe partial volume effect which caused blurring of the skull edges, the intemal and 

extemal skull edges were detected properly. The partial volume effect caused more 

problems in detecting the intemal skull edge than the extemal. Although the overall shape 

of the intemal skull edge corresponded reasonably to the tme intemal edge, the detected
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Fig 7-5 Resulting The resulting skull contours superimposed onto the skull phantom 

images of (a) the anterior slice, (c) the middle slice, and (e) the posterior slice, and the 

resulting binary skull masks of (b) anterior slice, (d) middle slice, and (f) posterior slice.
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positions of the intemal borders were placed outside the tme intemal skull edges.

For the middle slices, the skull edges and a corresponding binary skull mask are presented 

in Fig 7-5 (c) and (d). Both intemal and extemal skull edges were detected precisely. 

Despite the very thin appearance of the skull in the temporal regions, eZKull detected the 

intemal and extemal skull edges correctly.

The skull edges of the posterior slices for the phantom detected by eAX̂ ull II were 

superimposed onto the original images; the result is shown in Fig 7-5 (e). Although the 

partial volume effect was very severe, causing blurred skull edges, the intemal and extemal 

skull edges were identified correctly. In the superior region, however, euYKuIl occasionally 

failed to detect the intemal edges properly. For extemal skull edge detection, oXKuW II 

performed reasonably well.

7.7.6 Validation Results: eA^ull II

7.7.6.1 Differences between oXKuW II and MISTM

Anterior slices: The in-plane skull thickness along the radial profile for different angles 

using qXKmW II and MISTM for the anterior slices of the skull phantom are shown in Fig 

7-6 (a). It is found that the measurements by qXKxAI II accorded reasonably well with those 

by MISTM. Despite the partial volume effect, 1ST measured by eA%ull matched well with 

those done by MISTM in the whole range from 0° to 180°. The in-plane thicknesses 

measured by eAXull were systematically thicker than those done by MISTM.

Middle slices: Measurements of 1ST along the radial profile for different angles by eAXull 

II and by MISTM for the middle slices of the skull phantom are given in Fig 7-5 (b). 1ST 

measured by eAXull II matched well with those of MISTM in the whole range.

Posterior slices: Measurements of 1ST along the radial profile for different angles by 

qXKuW n  and by MISTM for the posterior slices of the skull phantom are shown in Fig 7-6
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Fig 7-6 Measurements of the in-plane skull thickness by eAXull II and MISTM, and the 

absolute difference between them for (a) the anterior slice, (b) the middle slice, and (c) the 

posterior slice of the skull phantom.
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(c). The measurements of eAXull II agreed reasonably well with those of MISTM. Despite 

the severe partial volume effect, 1ST measured by eAXull II matched up well with those 

done by MISTM for the whole range.

The mean and maximum (absolute) differences between the two measurements and the 

mean 1ST measured by MISTM for various slices are summarised in Table 7-5.

Table 7-5 Mean and maximum differences between in-plane skull thicknesses (ISTs) 

measured by oXKuW II and by MISTM for various slices for the skull phantom.

Image Plane Mean difference 
(mm)

Max difference 
(mm)

Mean thickness 
(mm)

Anterior 0.85 ± 0.04 
(9.8 ±5.1%)

2.5 (28.7%) 8.7 ± 1.4

Middle 0.42 ±0.31 
(6.9 ±5.1%)

1.4 (23.0%) 6.1 ± 1.4

Posterior 1.01 ±0.76 
(7.9 ± 6.3%)

3.2 (24.8%) 12.9 ±2.4

7.7.6.2 Success rate

Another way to assess the accuracy is to count the measurement errors that are below a 

certain limit. Therefore, a success rate can be defined based on error value thresholds. If 

the error is above that limit, it is counted as a failure. Three success rates (/̂ ^̂ .̂̂ [error limit]) 

were determined for three possible error limits: 0.5 mm, 1.0 mm and for 2.0 mm. The 

details of success rate for the three slices are summarised in Table 7-6.

Table 7-6 Success rates of clYXuII II for various slices.

Image Plane
Success Rate (%)

RAO-5] RAl-0] a.[2.o]

Anterior 32.4 67.6 94.6

Middle 64.9 97.3 100.0

Posterior 29.7 48.7 91.9
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7.8 VALIDATION FOR HUMAN SUBJECTS

7.8.1 Selection of Validation Slices

Three different slices (posterior, middle and anterior) for each volume data set were chosen 

for validation. Although it would be desirable to validate the entire slice in the MR data set, 

it would be a time consuming process to validate the whole slices for six subjects, which 

the total number of 193584 (= 2 x 37 [angle/slice] %436 [slice] x 2 [skull-edge/angle] x 

3 [position/skull-edge]) manual measurements is required to validate. In addition, many 

adjacent slices have similar anatomy and morphology, and can be categorised as the 

anterior, middle and posterior slices. Therefore, eZK̂ ull is validated with three main slices 

which represent the characteristics of the volume data.

Representative anterior and posterior slices were selected at the ends of the 

interhemispheric fissure. The distance from the frontal lobe to the occipital lobe of the brain 

was measured. The details of the slice distances are summarised in Table 6-1. The middle 

slice of the volume data set for each subject was selected as the middle slice for validation. 

Since the morphology of the head (and skull) for each individual subject varies slightly, the 

chosen slices do not necessarily represent exactly the same anatomical and morphological 

features. This provides an opportunity to validate eZSTull in various morphological and 

anatomical environments.

The performance time of eAXull applying for an entire volume data set is of the order of 

40 minutes on the SUN SPARCstation 20 (60 MHz and 64 MB RAM).

7.8.2 Validation Results: eX/TuIl

7.8.2.1 Anterior slices

Measurements of in-plane skull thickness along the radial profile for different angles by 

qXKuW, plus those by MISTM, and the absolute difference between these two
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Fig 7-7 Measurements of in-plane skull thickness by MISTM and eA%ull and the absolute

difference between them for the anterior slices of the six human subjects: (a) SI; (b) S2;

(c) S3; (d) S4; (e) S5; and (f) S6.
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measurements for the anterior slice of the six subjects are shown in Fig 7-7. The difference 

curve represents the performance of oXKuW compared to MISTM. Major disagreements 

between qXKmW and MISTM (which can be defined as a difference greater than one pixel) 

occurred in the superior lobe region in the range 85° to 100°.

For the anterior slices, the averages of the mean and maximum differences (with standard 

deviation) between the in-plane skull thickness measurements by eX^ull and those by 

MISTM were 0.66 ±0.13 mm and 2.28 ± 0.43 mm. The mean and maximum differences 

between oXKuW and by MISTM for the anterior slice are summarised in Table 7-7.

Table 7-7 Mean and maximum differences between in-plane skull thicknesses measured 

by eZfCull and by MISTM for anterior slices.

Subject
Anterior slice

Mean Difference (mm) Max Difference (mm)

SI 0.51 2.33

S2 0.63 2.34

S3 0.69 2.60

S4 0.51 1.67

S5 0.90 2.93

S6 0.69 1.81

Mean ± SD 0.66 ±0.13 2.28 ± 0.43

Success rate: Details of the success rates for the anterior slices of the six subjects are 

summarised in Table 7-8. The anterior skull edges were detected most accurately in SI 

within the error limit of 0.5 mm. On the other hand, in S6, only 32.4% of the skull edge 

detection by eZKiill was accurate within the error limit of 0.5 mm. Within the precision of

1.0 mm, S4 had the highest success rate of RJ[\.0] = 89.2% while S5 (i? [̂l .0] = 59.5%) was 

the most difficult subject for detecting the skull edges precisely. All of the skull edges 

detected by eAXull were placed within 2.0 mm firom the reference skull position in S4 and
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S6, whilst 89.2% of the skull edges identified by eAXull in S5 were located within the limit 

of 2.0 mm. For the anterior slices, the mean success rates (with standard deviation) for the 

six subjects were: ^^[0.5] = 47.3 ± 10.5%, ^Jl.O] = 76.6 ± 9.7% and 7^^2.0] = 94.6± 4.7%.

Table 7-8 Success rate of eXKuW for the anterior slices.

Subject
Success Rate (%)

RA0.5] a.[2.0]

SI 59.5 86.5 97.3

S2 54.1 75.7 89.2

S3 46.0 75.7 91.9

S4 56.8 89.2 100.0

S5 35.1 59.5 89.2

S6 32.4 73.0 100.0

Mean ± SD 47.3 ± 10.5 76.6 ± 9.7 94.6 ± 4.7

7.8.2.2 Middle slices

Fig 7-8 shows measurements of in-plane skull thickness between internal and external skull 

edges along the radial profile for different angles by oXKuW and by MISTM, and the 

absolute difference between these two measurements for the middle slice of the six 

subjects. The measurements done by eXKuW corresponded reasonably well to those done 

by MISTM. The largest disagreements between oXKuW and MISTM occurred near the 

region of superior sagittal sinus and occasionally in the temporal lobe region.

For the middle slices, the averages of the mean and maximum differences (with standard 

deviation) were 0.64 ±0.12 mm and 2.65 ± 0.94 mm. The mean and maximum differences 

between e ^ u l l  and MISTM for the middle slice are summarised in Table 7-9.
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S3;(d) S4; (e) S5; and (f) S6.
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Table 7-9 Mean and maximum differences between in-plane skull thicknesses measured 

by qXKmW and by MISTM for the middle slice.

Subject
Middle slice

Mean Difference (mm) Max Difference (mm)

81 0.49 1.63

82 0.86 4.35

83 0.67 3.17

84 0.67 2.62

85 0.50 1.61

86 0.64 2.51

Mean ± 8D 0.64 ±0.12 2.65 ± 0.94

Table 7-10 Success rate of eAXull for the middle slices.

Subject
Success Rate (%)

a jo .5 ] a j i .o ] a .p .o ]

81 51.4 86.5 100.0

82 35.1 67.6 91.9

83 46.0 75.7 94.6

84 54.1 73.0 91.9

85 62.2 86.5 100.0

86 51.4 81.1 89.2

Mean ± 8D 50.0 ±8.2 78.4 ± 7.0 94.6 ±4.1

Success rate: Details of the success rates for the middle slices of the six subjects are 

summarised in Table 7-10. The middle skull edges were detected most accurately in S5 

(i?^[0.5] = 62.2%) within the error limit of 0.5 mm. In S6, on the other hand, only 32.4% 

of the skull edge detection by eÆKiill was accurate within this error limit of 0.5 mm. Within 

the precision of 1.0 mm, SI and S5 had the highest success rate of = 86.5% while

S2 (i?^[1.0] = 67.6%) was the most difficult subject in which to detect the skull edges
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precisely. All of the skull edges detected by clYKuII were located within 2.0 mm from the 

reference skull position in SI and 85, whilst 89.2% of the skull edges identified by eX^ull 

in 86 were placed within the limit of 2.0 mm. For the middle slices, the mean success rates 

(with standard deviation) are as follows: ^̂ ,̂[0.5] = 50.0 ± 8.2%, y^Jl.O] = 78.4 ± 7.0% and 

i?^[2.0] = 94.6 ±4.1%.

7.8.2.3 Posterior slices

Measurements of in-plane skull thickness by eAXull and MISTM, and the absolute 

difference between two measurements for the posterior slices are shown in Fig 7-9. The 

eAXull and MISTM measurements agreed reasonably well for all subjects except 85 and 

86. The largest disagreements between eAXull and MISTM occurred in the superior lobe 

region.

Table 7-11 Mean and maximum differences between in-plane skull thicknesses measured 

by eAXull and by MISTM for posterior slices.

Subject
Posterior slice

Mean Difference (mm) Max Difference (mm)

SI 1.21 4.02

S2 1.17 5.93

S3 0.98 4.04

S4 0.87 2.63

S5 1.27 4.89

S6 2.41 4.60

Mean ± SD 1.32 ±0.51 4.35 ± 1.00

For the posterior slice, the averages of the mean and maximum differences (with standard 

deviation) for the six subjects were 1.32 ± 0.51 mm and 4.35 ± 1.00 mm. In terms of 

accuracy, the posterior slices were the most difficult of the three validated slices to detect
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Fig 7-9 Measurements of in-plane skull thickness by MISTM and eAXull and the absolute

difference between them for the posterior slices of the six human subjects: (a) SI; (b) S2;

(c) S3;(d) S4; (e) S5; and (f) S6.
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accurate skull edges for. In addition, almost every measurement value of eAXull appeared 

as lower than that of MISTM, for all six subjects. The mean and maximum differences 

between MISTM for the posterior slice are summarised in Table 7-11.

Success rate: Details of the success rates for the posterior slices of the six subjects are 

summarised in Table 7-12. eAXiill detected the posterior skull edges most accurately in S5 

(/?p[0.5] = 40.5%) within the error limit of 0.5 mm. In S6, on the other hand, a mere 5.4% 

of the skull edge detection by oXKuW was accurate within this error limit. Within the 

precision of 1.0 mm, S2, 84 and 85 had the highest success rate of i^p[l .0] = 56.8%, while 

86 (i?p[1.0] = 8.1%) was the most difficult subject in which to detect the skull edges 

precisely. 91.9% of the skull edges detected by eZKull were located within 2.0 mm from 

the reference skull position in 81 and 85, whereas in 86,37.8% of the skull edges identified 

by qXKmW were placed within the limit of 2.0 mm. For the posterior slices, the mean 

success rates (with standard deviation) are: i?p[0.5] = 28.8 ± 11.2%, J[1.0] = 47.3 ± 17.7% 

and ;?p[2.0] = 74.8 ± 17.4%.

Table 7-12 8uccess rate of eZKiill for the posterior slices.

Subject
Success Rate (%)

a.[0.5] a.[i.o] a.12.0]

SI 27.0 54.1 78.4

S2 35.1 56.8 78.4

S3 32.4 51.4 86.5

S4 32.4 56.8 91.9

S5 40.5 56.8 75.7

S6 5.4 8.1 37.8

Mean ± SD 28.8 ± 11.2 47.3 ± 17.7 74.8 ± 17.4
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7.8.3 Repeatability

The in-plane skull thickness was measured twice using MISTM by the same observer in 

order to measure the repeatability of such measurements. The two measurements were 

separated by a period of between two and three months. The total number of measurements 

was 7992 (= 2 x 37 [angle/slice] x 18 [slice] x 2 [skull-edge/angle] x 3 [position/skull- 

edge]).

7.8.3.1 Definition

The repeatability can be calculated using the equation below [Bland 96]:

^  = V^x 1.96 ^  (2)

where ^  is the within-subject standard deviation and is given by

C  =
A
n

(3)

where n is the number of subjects and A is given by

A = (4)
/=1

where is the difference between the two observations. The difference between two 

measurements for the same subject is expected to be less than f  for 95% of pairs of 

observations.

7.8.3.2 Results of repeated measurements of MISTM

Anterior slices: Fig 7-10 shows repeated measurements of in-plane skull thickness using
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Fig 7-10 Repeated measurements of in-plane skull thickness by MISTM and the absolute

difference (M l-M2) between the two measurements for the anterior slices of the six human

subjects: (a) SI; (b) S2; (c) S3; (d) S4; (e) S5; and (f) S6.
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MISTM, and the absolute difference between the two measurements for the anterior slice 

of the six subjects. For the anterior slices, the averages of the mean and maximum 

differences (with standard deviation) between the repeated in-plane skull thickness 

measurements by MISTM were 0.47 ± 0.20 mm and 2.85 ± 1.28 mm. The mean and 

maximum differences between the repeated measurements by MISTM for the anterior slice 

are summarised in Table 7-13.

Table 7-13 Mean and maximum differences between repeated measurements of in-plane 

skull thickness by MISTM for the anterior slices.

Subject
Anterior slice

Mean Difference (mm) Max Difference (mm)

SI 0.13 0.71

82 0.58 4.69

S3 0.57 3.14

S4 0.35 3.94

S5 0.75 2.36

S6 0.44 2.25

Mean ± SD 0.47 ± 0.20 2.85 ± 1.28

Middle slices: Fig 7-11 shows repeated measurements of in-plane skull thickness using 

MISTM, and the absolute difference between the two measurements for the anterior slices. 

For the middle slices, the averages of the mean and maximum differences (with standard 

deviation) between the repeated in-plane skull thickness measurements by MISTM were 

0.25 ± 0.11 mm and 1.75 ± 1.02 mm. The mean and maximum differences between the 

repeated measurements by MISTM for the middle slices are summarised in Table 7-14.
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Fig 7-11 Repeated measurements of in-plane skull thickness by MISTM and the absolute

difference (M l-M2) between the two measurements for the middle slices of the six human

subjects: (a) SI; (b) S2; (c) S3; (d) S4; (e) S5; and (f) S6.
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Table 7-14 Mean and maximum differences between repeated measurements of in-plane 

skull thickness by MISTM for the middle slices.

Middle slice
Subject

Mean Difference (mm) Max Difference (mm)

81 0.38 3.99

82 0.17 1.30

83 0.11 0.93

84 0.15 1.32

85 0.41 1.45

86 0.29 1.48

Mean ± 8D 0.25 ±0.11 1.75 ± 1.02

Table 7-15 Mean and maximum differences between repeated measurements of the in

plane skull thickness by MISTM for the posterior slices.

Subject
Posterior slice

Mean Difference (mm) Max Difference (mm)

81 1.03 6.19

82 0.97 3.94

83 1.18 4.48

84 0.90 3.10

85 0.72 2.34

86 0.49 2.26

Mean ± 8D 0.88 ± 0.22 3.72 ± 1.36

Posterior slices: Fig 7-12 shows repeated measurements of in-plane skull thickness using 

MISTM, and the absolute difference between the two measurements for the posterior slices 

(c) the six subjects. For the posterior slices, the averages of the mean and maximum 

differences (with standard deviation) between the repeated in-plane skull thickness 

measurements by MISTM were 0.88 ± 0.22 mm and 3.72 ± 1.36 mm. The mean and
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Fig 7-12 Repeated measurements of in-plane skull thickness by MISTM and the absolute

difference (M l-M2) between the two measurements for the posterior slices of the six

human subjects: (a) SI; (b) S2; (c) S3; (d) S4; (e) S5; and (f) S6.
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maximum differences between the repeated measurements by MISTM for the posterior 

slices are summarised in Table 7-15.

7.8.3.2 Results of repeatability

The results indicated that the repeatability of the middle slices was better than that of the 

anterior and posterior slices, except in SI where the anterior slice had the best repeatability. 

The repeatability of the anterior slices was better than that of the posterior slices, except in 

S5 where the repeatability of the posterior slice was slightly (0.1 mm) better than that of the 

anterior slice. This implies that the partial volume effect in the posterior slice was more 

severe than that in the anterior slice. The repeatability of MISTM in terms of intra-observer 

variation for the six human subjects is summarised in Table 7-16.

Table 7-16 Repeatability of MISTM. The difference between a measurement and the true 

value would be expected to be less than the repeatability value for 95% of the observations.

Subject

Repeatability (mm)

Anterior Middle Posterior

SI 0.67 2.22 4.64

S2 2.75 0.92 4.82

S3 2.51 0.64 3.99

S4 2.08 0.84 3.15

S5 2.46 1.49 2.36

S6 1.73 1.23 1.98

7.9 DISCUSSION

7.9.1 Difficulties in the Skull Phantom Study

Possible sources of errors in the skull phantom study using CT are: (1) Difficulty of 

recognising the CT slice identical to the MR image; (2) Disagreement of profile paths in
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the MR and CT images.

Although the identical CT slice to the MR image was recognised based on the shape and 

position of markers and morphological features of the skull in the images, it is possible that 

the chosen CT slice might not be the exactly identical slice to the MR image due to 

differences between them such as slice thickness, pixel size and scan position. Because the 

human eye is highly sensitive to small changes in shape, visual inspection was useful in 

recognising the identical CT slice to the MR image. The markers on the skull surface also 

contributed to this task.

Due to the difference in voxel size between CT and MR images (see Table 7-2), it is 

difficult to produce the profile paths in the CT image identical to those in the MR image 

even if the two images are identical. Some degree of errors could occur in deciding the 

position of the centre of mass of the brain and the profile paths in the CT image. To reduce 

the possible disagreement of the profile paths, profiles were produced at every 45° for 180° 

clockwise starting from the level of CMB. It would be very hard to quantify the errors.

In addition, it was difficult to quantify the resulting errors due to the experimental design 

and eA%ull may well be working better than the skull phantom experiments imply.

7.9.2 Performance of eXKull

In the anterior slices, the most common source of errors in skull edge detections using 

eXKull was blurred edges due to the partial volume effect which caused the partial failure 

of the thresholding method. Although ARPED and sub-pixel edge detection made it 

possible to correct the previous minor errors, it was very difficult to determine accurate 

edge positions on severely blurred edges. Overall, despite severe edge blurring due to the 

partial volume effect, the position of the internal and external skull edges was roughly 

correct for all six subjects. The partial volume effect caused more problems in detecting the
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internal skull edge than the external one because the edges between bone marrow and 

CSF/brain were severely affected by the effect. In particular, eÆKïill overcame the strong 

edges near the region of the superior sagittal sinus and detected precise internal skull edges 

in the region. However, eZKull occasionally failed for two subjects (S2 and S5) to detect 

internal skull edges in the superior lobe region near the superior sagittal sinus. This failure 

was caused by over-thresholding due to the partial volume effect.

In the middle slices, the external skull edge was detected correctly in the temporal lobe 

region for all six slices, in spite of the existence of strong edges between muscle and scalp 

and the very thin appearance of the bone (1-2 pixels). Although e%Kull overcame the strong 

edges near the superior sagittal sinus and detected internal skull edges accurately, there 

were occasional minor errors in the temporal lobe region for internal skull edge detection. 

An incorrect starting position could cause sub-pixel edge detection to overestimate the skull 

edge position. In several subjects (SI and S2), there were minor errors in the upper right 

temporal lobe region for internal skull edge detection, and at the left precentral region for 

external skull edge detection. This disagreement was caused by over-thresholding at the 

initial step of eZ&ill due to the partial volume effect. The error in external edge detection 

was due to the existence of the strong edge near the region.

In the posterior slices, the partial volume effect was especially severe and caused the skull 

edges to be blurred. The cortical bone appeared as a thin, dark band in the superior lobe and 

the temporal lobe regions. Overall, despite the severe edge blurring, the position of the 

internal and external skull edges was roughly correct for all six subjects. In particular, 

eAXull overcame the strong edges near the region of the superior sagittal sinus and detected 

precise internal skull edges in the region. For several subjects, however, qXKmW 

occasionally failed to detect internal skull edges in the temporal lobe region. This failure 

was caused by improper thresholding at the initial step of oXKnW due to partial volume
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effect which caused blurring of the edges. eÆ^ull detected the internal skull edges in the 

regions of the superior lobe and superior sagittal sinus with occasional errors in identifying 

the correct edges. This error was a distinctive example of the limitations of the global 

thresholding method.

7.9.3 Limitations of the Skull Detection Algorithm

7.9.3.1 eAXull

Most errors in skull edge detection occurred in the regions of the superior sagittal sinus and 

the temporal lobe and were due mainly to improper thresholding at the initial step of 

eAXull. A global thresholding method based on the image histogram and variance 

optimization was used in eAXull. The thresholding method was very effective for 

distinguishing the brain from the background, but less sensitive to local variations, 

particularly as a result of the partial volume effect. This lack of sensitivity to local variation 

can be remedied with the use of local information.

The automatic radial profile edge detection method was designed to overcome the 

limitations of global thresholding by using local information along the radial profile. eXXull 

is sensitive to the initial position for skull edge detection in order to deal with the very 

complex environment which surrounds the skull in the head. Actually this combination is 

helpful for detecting the correct external edge in the temporal lobe region, where there are 

strong edges between scalp and muscle.

If the skull edge was not located near the local minimum along the profile, errors in edge 

detection were possible. In S5 (subject-5), oXKuW failed to detect left external skull edges 

in the posterior slice. This reflected the failure to find the local minima which was not 

matched with the real skull edge. Since one of the criteria for skull edge detection was the 

existence of a local minimum corresponding to the skull edge along the radial profile.
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eA%ull was likely to detect the local minimum as the correct edge position, although the 

skull edge was not located near the local minimum along the profile. In the posterior slice 

of S5, the local minima along the radial profile were not always matched with the skull 

edge because of the severe partial volume effect (for example, Fig 7-1 f). Although the local 

minimum is not the skull edge, eAXiill detects an edge position at the local minimum. 

Most minor errors in the initial steps, including thresholding, were corrected by sub-pixel 

edge detection provided that the error was within three pixels from the desired position of 

the skull edge.

Although qXKmW was applied and validate for the healthy adult subjects, it is possible 

several routines in oXKuW including the trimming process can fail to its function due to 

differences of skull morphology in young children or adults with skull fractures.

It has been shown that eAXull's accuracy is best for the cranial and temporal regions in 

coronal images. eZKiill was also applied to axial images where it worked well for brain 

detection [Losseff 96]. However, it has not been tested to sagittal images. Based on the 

general philosophy of eA%ull, and in particular the important impact of partial voluming 

on the quality of the results, it is expected that the best results of skull extraction in the the 

anterior and posterior regions would be achieved in axial and sagittal images. For axial 

images, the most difficult region of eAXull would be the superior part of the cranium due 

the severe partial volume effect and regions of eyes would make difficult to detect external 

skull contours accurately. For sagittal images, the most difficult region would be the 

temporal region due to the severe partial volume effect and the interhemispheric fissure 

would hinder detecting skull contours.

Regarding the issue of image contrast, eAXiill was designed for proton density (PD) 

weighted images. Because of its nature, and as explained previously, it is not possible to 

detect accurate skull boundaries in XI weighted images due to the signal void of CSF. For
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T2 weighted images, it is predicted that eAXull in its current form will not detect accurate 

internal skull contours since it relies on an automatic brain detection routine which would 

fail for this type of image contrast. This is due to the failure of the automatic thresholding 

method due to high signals from CSF. In addition, low signals from muscle in T2 weighted 

images would make difficult to detect external skull contours accurately.

7.9.3.1 eXATullII

As mentioned earlier, the original algorithm for skull edge detection in MR head images 

was modified for the skull phantom due to the latter’s simple morphology. It is true that 

qXKwW II was not designed for human MR data, so the validation of qXKmW II is not 

representative of the performance of eXXiill.

7.9.4 Possible Sources of Difference between MISTM and eXATull

There are four possible sources of differences between MISTM and eÆATull: (1) Operator 

error; (2) Difference in approach to producing the radial profile between qXKmW and 

Displmage; (3) Discrepancy of profile paths between eAXull and MISTM; (4) Cross angle 

between profile and skull edge.

Operator error ought to be small as the border position is determined using the radial 

intensity profile. In eZKull, the radial profile is calculated with respect to a radius length 

while in Displmage it is produced with respect to a pixel position. However, both the 

effects of the difference in approach and the possible profile path discrepancy between 

clYXuII and manual measurement appear to be minimal. The effect is determined by finding 

the minimum difference for each slice, the range for those effects being between 3.7 x lO"̂  

and 3.0 X 10'̂  mm. Since the radial profile from CMB does not always cross the skull at 

right angle, which might result in some additional uncertainty.
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In MISTM, in a slice with severe partial volume effects, in particular in the posterior slices, 

the local minima on the profile do not always represent the skull edge position. In the 

posterior slice of 86, for example, the big difference between eZKiill and MISTM is due 

to the partial volume effect. Although the difference is bigger than in the other subjects, the 

in-plane skull thickness measurement by eÆKiill follows a similar trend to MISTM. Visual 

inspection was useful in order to determine the optimal edge positions.

7.9.5 Repeatability of MISTM

For all of the subjects, the mean differences between the repeated manual measurements 

for anterior, middle and posterior slices were always less than a pixel size of 0.94 mm 

although the maximum differences between them is greater than this pixel size, which can 

be defined as a limit of measurement accuracy. As expected, the mean difference of the 

middle slices was the lowest. This can be attributed to the fact that the skull edges in the 

middle slices are sharp and clear, this in turn being due to the much smaller partial volume 

effect which is severe in the anterior and posterior slices, therefore, facilitating the 

subjective localisation of the skull. The mean difference for the anterior slices (0.47 mm) 

was almost half that for the posterior slices (0.88 mm), indicating that the partial volume 

effect in the posterior slices was much more severe than that in the anterior ones.

7.10 CONCLUSION

Although only three slices for each subject has been validated, those slices (in total of 18) 

are representative since the position of each slice for each subject represents the different 

part of head (see section 7.8.1). Furthermore, the result of brain detection shown in Fig 6-11 

indicates that this method works for every slice and does not depend on anatomy. In 

addition, validation results indicate that the performance of eZKiill was consistent for every
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slice except the posterior slice of S6 (see Figs 7-9 to 7-12 and Tables 7-7 to 7-12). Since 

repeatability of that particular slice was the best among other posterior slices (see Table 7- 

13), it can be explained that eAXiill did not detect the skull edges accurately in the posterior 

slice. The error associated with the skull edge detection can be attributed to limitations of 

qXKmW and degrees of the partial volume effect. Therefore, consistency of eAXull for the 

cross subject shows that the inter-slice accuracy would be as good as the validated 

representative slices.
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C h a p t e r  8

C o n c l u sio n

In this chapter, the contributions reported in this thesis are summarised, conclusions are 

drawn, and possible future research is discussed.

8.1 IMAGING CONSIDERATIONS FOR SKULL DETECTION IN MRI

8.1.1 Choice of MR Sequence for the Project

The choice of MR sequence for the project was discussed in chapter three. Two candidates 

(fast spin-echo and gradient-echo sequences) were considered and compared. Certain 

artefacts and geometric distortions relating specifically to the skull regions were reviewed 

and measured with the use of phantoms. Optimal scan parameters were suggested in order 

to produce the best images for our purposes.

For detecting skull contours in MRI, the proton density weighted image was chosen 

because every tissue in the head can be shown in particular CSF, scalp, muscle, with the 

exception of the skull. Because of the clear appearance of the skull edges, the superior 

image contrast between CSF, muscle and scalp, the absence of the susceptibility artefact 

and the practical scan time, the 2D FSE sequence was chosen for the project. Six volume 

data sets for six human subjects are used.
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8.1.2 Geometric Distortions in the MR Image

The issue of image artefacts and their relative importance for our problems were 

considered. The chemical shift (3.5 mm at = 1.5 mT/m with = 1.5 T) near fat-tissue 

interfaces in the scalp was identified as the most important. To quantify and analyse the 

chemical shift effect in the image, the scalp thickness was measured for different gradient 

strengths. It was found that the external skull edge would not be affected by the chemical 

shift artefact if sufficiently high gradients were utilised 2.0 mT/m). Thus it was 

confirmed that a value of = 3.1 mT/m, which was employed for the present project, was 

high enough to prevent the scalp thickening due to chemical shift.

Although the acquisition time of the 2D sequence is approximately seven minutes, this is 

potentially long enough for subjects to move during the acquisition resulting in mis- 

registered interleaved imaging blocks. Although this would not affect the accuracy of the 

algorithm for detecting the skull contours in the 2D image slices, the overall shape of the 

3D reconstructed skull may be distorted.

The partial volume effect appears severely in the anterior and posterior slices because the 

coronal image plane forms an acute angle relative to the skull surface in the slices resulting 

in severe blurring of edges. This can render the detection of skull edges difficult. Therefore, 

it has been investigated the effect of slice thickness on skull thickness measurements. To 

analyse the partial volume effect, MR volumes of the normal brain were simulated. It was 

found that the partial volume effect in the anterior and posterior slices was more severe 

than that in the middle slice as expected.

The physics of the magnetic susceptibility effect was discussed in chapter four, in 

particular, geometric distortions. Published works relating to magnetic susceptibility effects 

were examined. Magnetic susceptibility-induced shift near air-tissue interfaces was 

quantified for a range of read-out gradient strengths using a cylindrical phantom. Although
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a susceptibility shift could occur near various interfaces including air-tissue, fat-tissue, 

bone-tissue in the head, the effect would not interfere with our method for the skull contour 

detection since the shift would be very short near bone-tissue interfaces (0.2 mm). In 

particular, susceptibility shift (1.3 mm) would be less influential than chemical shift (3.5 

mm) near fat-tissue interfaces in the scalp. Furthermore, it is almost impossible to 

distinguish between the effects of chemical shift and susceptibility shift in certain regions 

in the head, for example, the superior lobe region, since both shifts occur simultaneously 

in these regions.

8.2 AUTOMATED METHOD FOR DETECTING SKULL CONTOURS IN MRI

Details of the new automatic algorithm for extracting skull contours from MR head images 

were introduced and the visual assessment of the results for the skull detection algorithm 

was presented in chapter six. A number of methods for verifying the results were discussed 

and the performance of eAXull was evaluated.

8.2.1 Algorithm (eAKuIl)

eAXull consists of combinations of six main operations: [1] Gradient edge detection, [2] 

Automatic thresholding, [3] Mathematical morphology, [4] Connected component analysis, 

[5] Radial profile edge detection and [6] Sub-pixel position of skull edges. oXKuW 

combined a histogram-based thresholding method and a shape-based radial profile edge 

detection method with sequences of connected component analysis and morphological 

operations to produce an automatic procedure for the detection of brain-CSF (as internal 

skull) and scalp-muscle (as external skull) contours. eAXull combined 2D and 3D methods, 

and consisted of three main parts: [1] Brain detection; [2] Internal skull contour detection; 

[3] External skull contour detection.
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8.2.2 Validation

In this project, the manual in-plane skull thickness measurement (MISTM) was chosen as 

the gold standard for validation. Combined with the skull phantom study of the physical 

skull thickness measurement, MISTM was able to provide a quantitative evaluation of the 

performance of eAXull.

Results from oXKvXX were compared with manual in-plane skull thickness measured by 

experts. eZKiill using the skull phantom was validated. CT and MR images of the skull 

phantom were used to validate oXKiAl. eÆKiill was applied to MR image data sets from the 

six human subjects. The in-plane skull thickness from eAXull was compared with that 

derived by manual measurement. The in-plane skull thicknesses in all 18 slices were 

measured twice using MISTM in order to give some indication of the repeatability of such 

measurements.

8.3 CONCLUSION

The aim of this project was to expand the visualisation capability of MRI, which can 

provide excellent contrast of soft tissues but very little information about bone, to include 

details of skull contours. Skull edges including both internal and external skull edges were 

detected in this project while partial skull edges (either internal or external skull edges) 

have been detected in other works [Stimac 88; Hohne 92; van Herk 94]. Since it is not 

possible to distinguish the basal sections of the skull from air in sinuses in MR images, the 

algorithm was limited to detect intemal and external contours of the cranial vault including 

the temporal bone.

A robust and efficient automatic procedure for detecting whole skull edges for cranial vault 

including both intemal and external skull edges in MR image has been developed and 

validated. In addition, a new method for sub-pixel skull contour detection in CT and a new
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validation method based on manual measurement of the in-plane skull thickness along the 

radial profile have been developed. Furthermore, quantitative investigations of the partial 

volume effect, chemical shift artefact and magnetic susceptibility-induced shift on skull 

thickness have been analysed.

The potential benefits of this project include the accurate registration of MRI and MRI, or 

MRI and CT image data, as in fi*ameless surgery planning; the avoidance of harmful 

radiation as is encountered in CT skull visualisation; modelling of head electrical 

conductivity; cranioplasty planning; and radiation treatment planning. Apart from 

modelling of head electrical conductivity in which whole skull is required, the cranial 

contours of the skull as detected here can be useful for other applications in which the 

cranium is the main concern [Freeborough 96]. The method developed is also helpful for 

the assessment of brain volume changes [Losseff 96], which is used in the quantitative 

assessment of changes in neurological diseases.

8.4 FUTURE WORK

Various lines of future research are possible, either building directly on the work described 

in this thesis, or investigating the application of the methods in different fields such as 

quantitative analysis of cerebral tissues.

8.4.1 Theoretical Analysis of Magnetic Susceptibility Shift

Since the geometry of the cylindrical phantom used in chapter four can be treated as a small 

cylinder (water in the test tube) on top of a large cylinder (water in the beaker), the 

additional field distortion caused by the two cylinders needs to be taken into account. The 

geometry of the phantom was very difficult to reconcile with existing theory which is 

concerned only with simple geometry. Therefore, it is possible to predict the magnitude of
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the magnetic susceptibility-induced shift if solutions of the Laplace equation for the 

complex geometry can be derived. This theoretical analysis provides a helpful 

understanding of the magnetic susceptibility shift.

8.4.2 MR Distortion Correction for the Movement Artefact

In the 2D FSE sequence, the scanner decides the number of acquisition blocks which are 

interleaved (see section 3.7.2). The number of acquisition blocks in turn depends on the 

number of slices which can cover the entire head of the subject. Due to movement of the 

subject, the position of the interleaved acquisition blocks can shift, possibly leading to an 

error in 3D reconstruction of the skull contours.

One possible solution is post-processing of the data. The uneven surface could be corrected 

by registering image slices to the neighbouring slices. This would be a good method 

because the image quality would be maintained. However, it is necessary to extract image 

slices and create sub data sets depending on the acquisition blocks, and then to put them 

together into one image volume after the registration. If the number of acquisition blocks 

were greater than two, the operation would become more complex.

8.4.3 3D Approach for Skull Contour Detection

Due to the partial volume effect in the anterior and posterior slices, eAXull is less accurate 

in those slices. This could be overcome using the 3D information from the data set. One 

possible method is to employ the 3D radial profile instead of the 2D radial profile. The 

second possibility would be to create a new image slice which is perpendicular to the skull 

surface in the anterior and posterior regions.
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8.4.4 Using Different Image Planes to Improve the Accuracy of the Algorithm

The axial and sagittal planes can provide accurate skull contours for the anterior and 

posterior regions of the skull, while the coronal plane can provide accurate skull contours 

for the cranial and temporal regions. Therefore, the skull contours can be determined more 

accurately by combining the advantages of the coronal image plane with the axial and 

sagittal image planes.

8.4.5 Brain Volume Measurement

The brain detection method developed in eAXull has been applied for the quantitative 

measurement of brain atrophy in Multiple Sclerosis [Losseff 96]. The improvement of the 

method will potentially be helpful in a more accurate measurement of brain volume, which 

is used in the quantitative assessment of changes in neurological diseases.

8.4.6 Detection of the Basal Sections of the Skull

The basal sections of the skull can not be differentiated jfrom air in sinuses in MRI. A new 

approach would be necessary to overcome this problem. One possible way would be using 

a model of the basal section created from CT. This could be used as the initial starting 

position to fine the edges in the region.
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